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Maine coastal rivers host the last remaining runs of endangered anadromous 
Atlantic salmon in the United States, whose populations have decline from 
~500,000 returning adults in the 1880s to only ~1000 in 2000.  Restoration 
projects have focused on these coastal river systems to bring natural 
populations back to the area, and recent efforts involve adding large woody 
debris (LWD) to small tributaries to improve salmon rearing habitat.  Large 
woody debris actively changes the hydraulics and geomorphology of small 
streams by acting as a barrier to flow and creating decreased velocity zones, 
scour pools, and sediment storage and sorting.  I study the effects of LWD 
additions in early August 2008 on hydraulics and substrate in Baker Brook, a 
west-flowing tributary of the Narraguagus River.  Hydraulically, I focus on 
the treatment reach nearest the confluence with the Narraguagus River 
(Baker1), and I also study changes in substrate in Baker1 and the upstream 
treatment location (Baker3).  Both study locations are divided into two 
reaches, treatment (Baker1-T and Baker3-T) and control (Baker1-C and 
Baker3-C).  In Baker1, the treatment and control reaches are further divided
into four 50 m sub-reaches based on channel gradient (~1% in Baker1-C-
Flat and Baker1-T-Flat; >2% in Baker1-C-Steep and Baker1-T-Steep).  In 
Baker3, we use two 50 m sub-reaches of similar gradient (ranges from ~1% 
to 2%) to determine substrate changes.  Significant post-LWD addition 
changes are determined by comparison with the control sub-reaches.  
Changes in the treatment sub-reaches must be larger than those in the 
control sub-reaches to be deemed significant.  I seek to answer three 
research questions: (1) how much does mean velocity through the study 
sub-reaches change as a result of additions; (2) how much does hydraulic 
roughness change; and (3) does sediment storage and spatial sorting result 
from the LWD additions?  I measured reach-average velocities (Ureach) in 
Baker1 using the salt dilution method in May, July and August 2008 and May 
2009.  I use rating curves to compare the post-treatment to the pre-
treatment Ureach-stage relationship.  A temporary decrease in Ureach occurred 
in October 2008 in Baker1-T-Flat, whereas the other sub-reaches 
experienced no change in Ureach.  A localized change in cross-sectionally
averaged velocity (U) measured with a flow meter, is also evident at 
Baker1-T-Flat, but this is because an added tree lies directly in the 
downstream cross-section where measurements are recorded.  I assessed
channel roughness changes by comparing roughness rating curves created 
using the Manning roughness parameter, n (back-calculated from velocity 
measurements) for each sub-reach.  Because of the short-term decrease in 
Ureach, roughness increased in Baker1-T-Flat in October 2008 as well.  No 
change in roughness is evident in the other sub-reaches because post-
treatment values of n plot on the same decreasing trend with respect to 
stage as pre-treatment values.  I quantified pre- and post-treatment sub-
reach substrate median grain size (D50) with intensive clast counts in July 
2008 and May 2009.  In Baker1, analysis of pre-treatment substrate size 
show that the flat sub-reaches have a finer substrate size (34-38 mm) than 
the steep sub-reaches (88-134 mm).  Baker3 pre-treatment grain size is 
similar to that of the flat Baker1 sub-reaches, with a median grain size of 38 
mm in Baker3-T and 28 mm in Baker3-C.  Two of the three treatment sub-
reaches exhibited significant fining (D50 decreased by 37-54%) between the 
surveys, and the third changed less than measurement uncertainty. One of 
the three control sub-reaches coarsened significantly (D50 increased by 
29%), one fined significantly (-42%), and one coarsened less than 
measurement uncertainty. In summary, I find that LWD additions in Baker 
Brook had little effect on reach-scale hydraulics during the flows we 
observed, but did influence bed-grain size during the 10-month study 
interval, underscoring the importance of floods on channel change.
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vList of Figures
Figure 1: Examples of logging in Downeast Maine.  (A) Logging on the 
mainstem Narraguagus River.  Photograph of the Beddington Lake dam in 
2007.  Photograph taken June 14, 2007 at 8:09 am by Benjamin Wilkins.  
(B) Logging in the Machias River watershed.  Photograph of the Second Lake 
Stream dam in Washington Country, Maine in May 1948.  Photograph from 
Lass/Getty Images.
Figure 2: Geomorphic processes leading to ideal salmon habitat (from 
Montgomery, 2004).
Figure 3: The Atlantic salmon life cycle (reproduced from the Ministry of 
Natural Resources, Ontario, Canada, 2009).  Freshwater life stages include 
the egg, alevin, fry and parr.  Smolt is the stage at which juveniles, through 
smoltification, become ready to migrate to the marine environment where 
they may spend up to four years feeding, reaching the adult stage.  
Spawning adults return to natal streams to spawn.  Spawning adults may 
then return to the marine environment to feed until the next spawning cycle.
Figure 4: Normal velocity profile showing fastest water at the top of a water 
column and decreasing as distance from the bed decreases (Anderson and 
Anderson, in press).
Figure 5: Schematic of water-LWD interaction.  The length of the black 
arrows represents velocity with long arrows meaning fast velocity.  (A) 
Interaction of water and LWD not in contact with the bed.  Scour occurs 
upstream of the log (red dashes) and deposition occurs downstream (yellow 
circle) because of decreased velocity in the wake zone (purple W).  (B) 
Interaction of water and LWD in contact with the stream bed.  Deposition 
(yellow circle) occurs mainly upstream because a wake zone (purple W) 
forms when water intercepts the log and cannot travel beneath it.  Some 
deposition may occur downstream of the log because a second wake zone 
forms as the water travels over the top of the log (after Swanson et al., 1982 
and Fetherston et al., 1995).
Figure 6: Baker Brook and other Downeast Maine LWD sites location map.  
(A) Map of Maine showing the Narraguagus River watershed (in yellow).  (B) 
Close-up view of red box in A of Downeast Maine showing previous LWD 
addition sites.  Also shown is the Downeast Maine hydrology (in light blue).
Figure 7: Close-up of Baker Brook, with study locations shown in green and 
sub-reaches shown in colors.  The base map is a 1 m hillshade LiDAR image.
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Figure 8: Discharge and stage data for the Narraguagus River and Baker 
Brook during the study period.  (A) Narraguagus River hydrograph for May 1, 
2008 to May 31, 2009 compiled from United States Geological Survey 
(USGS) gauging station data at Cherryfield, Maine (station 01022500).  Ice 
cover accounts for the gap between December 9, 2008 and March 29, 2009.  
(B) Baker Brook stage versus Narraguagus River discharge.
Figure 9: Baker Brook study site longitudinal profile from LiDAR DEM data 
sampled every 2 m along the channel centerline.  Colored sub-reaches with 
the study locations match those on Figures 7 and 10.
Figure 10: Baker Brook study location longitudinal profile from LiDAR DEM 
data sampled every 2 m along the channel centerline.  (A) Baker1 study 
location (green) with respective sub-reaches T-Flat (orange), T-Steep 
(yellow), C-Flat (red), and C-Steep (purple).  (B) Baker3 study location 
(green) with respective sub-reaches Baker3-T (brown) and Baker3-C (gray).
Figure 11: Baker1 sub-reach longitudinal profiles constructed from total 
station data.  The black crosses represent the streambed surface, the blue 
crosses represent the water surface, the green crosses mark the introduction 
points of each sub-reach, and the red crosses mark the downstream cross-
section of each sub-reach.  The blue line is the best-fit linear regression used 
to determine the slope of each sub-reach.  (A) Baker1-C-Flat longitudinal 
profile.  (B) Baker1-T-Flat longitudinal profile.  (C) Baker1-C-Steep 
longitudinal profile.  (D) Baker1-T-Steep longitudinal profile
Figure 12: Baker1 sub-reach cross-sections constructed from total station 
data.  The black line represents the channel outline, the blue line represents
water surface, and the red points are the mounted rebar pins.    (A) Baker1-
C-Flat cross-section.  (B) Baker1-T-Flat cross-section.  (C) Baker1-C-Steep 
cross-section.  (D) Baker1-T-Steep cross-section.
Figure 13: Photograph of Billy the woodcutter performing the chop-and-drop 
method.  Billy is adding a tree to Baker1-T-Steep sub-reach.  Photograph 
taken August 1, 2008 at 9:00 am by Liz Johnson
Figure 14: Photographs of Baker1 LWD addition.  (A) “Junked” portion of a 
tree added to Baker1-T-Flat on August 1, 2008.  Photograph taken August 1, 
2008 at 8:44 am by Liz Johnson.  (B) Looking from right bank to left bank as 
MDMR, NOAA, and Boston College field crew members moving a tree added 
to Baker1-T-Flat on August 1, 2008.  Photograph taken August 4, 2008 at 
9:02 am by Liz Johnson.
vii
Figure 15: Stage gauge located at the most upstream point of the Baker1 
study location depicting a stage measurement of 46 cm. Photograph taken 
August 3, 2008 at 12:52 pm by Noah Snyder.
Figure 16: Schematic of the zig-zag pebble count method (after Bevenger 
and King, 1995).  (A) Traverse used in Baker1 sub-reaches where the 
“counters” start at one end of the sub-reach on opposite banks.  (B) Traverse 
used in Baker3 sub-reaches where the “counters” start at both ends on 
opposite banks and meet in the middle of the sub-reach.
Figure 17: Field photographs of the salt dilution method. (A) Peter Snajczuk 
pouring mixed salt into Baker1-C-Flat at the introduction point.  Photograph 
taken July 19, 2008 at 1:43 pm by Liz Johnson.  (B) Conductivity probe 
placement in the brook.  The probe is placed at the downstream cross-
section of the sub-reach in a riffle in the thalweg. Photograph taken July 19, 
2008 at 12:44 pm by Liz Johnson.  (C) Liz Johnson taking notes as real-time 
conductivity, specific conductance, and temperature are recorded by the YSI 
Professional Plus conductivity meter and the field computer.  Photograph 
taken May 22, 2008 at 11:42 am by Noah Snyder.
Figure 18: Example salt dilution curve for Baker1-T-Steep recorded July 31, 
2008 at a stage of 26 cm.
Figure 19: Baker Brook calibration curves for June 2008, August 2008, and 
June 2009.  Note that although specific conductance is a function of 
concentration, the two variables are plotted this way because in the field 
specific conductance is measured to calculate concentration.
Figure 20: Schematic of the method used to measure velocity using the 
Marsh-McBirney Flow Meter (modified from Mount, 1995).
Figure 21: Field assistants performing velocity measurements with the 
Marsh-McBirney Flow Meter.  (A) Liz Johnson making velocity measurements 
across the Baker1-T-Steep cross-section at a stage of 25 cm.  Photograph 
taken by on July 31, 2008 at 1:37 pm by Peter Snajczuk.  (B) Liz Johnson in 
the foreground taking salt dilution measurements while Billy Armstrong uses 
the Marsh-McBirney and David Santaniello records velocity measurements 
along the Baker1-T-Steep cross-section at a stage of 46 cm.  Photography 
taken August 3, 2008 at 11:59 am by Noah Snyder.
Figure 22: Comparison of methods for discharge measurements.  The error 
bars in the x-direction are plus or minus one standard deviation of the three 
salt dilution trials performed.  The error bars in the y-direction are a 
propagated error based on an experimental differential error analysis 
(Department of Physics, Bates College, 1991).
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Figure 23: Comparison of methods for average velocity measurements.  The 
error bars in the x-direction are plus or minus one standard deviation of the 
three salt dilution trials performed.  The error bars in the y-direction are a 
propagated error based on an experimental differential error analysis 
(Department of Physics, Bates College, 1991).
Figure 24: Large woody debris movement in Baker1-T-Flat.  (A) Close-up of 
baker1 study location showing sub-reach depicted in B (white box).  (B) 
Close-up schematic outline of Baker1-T-Flat showing LWD placement within 
the channel.  Some of the tagged pieces of LWD moved between the August 
2008 survey (in red) and the May 2009 survey (in purple).
Figure 25: Photographs of Baker1-T-Flat taken during each field 
measurement session.  (A) Looking upstream from the downstream cross-
section.  Photograph taken July 21, 2008 at 8:55 am by Liz Johnson.  (B) 
Looking upstream from the downstream cross-section, with tree #80 in the 
foreground.  Photograph taken August 7, 2008 at 10:55 am by Liz Johnson.  
(C) Looking at the downstream cross-section with tree #80 extended from 
left bank to right bank through the cross-section.  Photograph taken October 
23, 2008 at 9:43 am by Adam Pearson.  (D) Looking upstream from the 
downstream cross-section standing on the right bank.  Photograph taken May 
19, 2009 at 9:14 am by Liz Johnson.
Figure 26: Photographic evidence of sediment sorting by branches in Baker1-
T-Flat.  Photograph of a bar of fine sediment deposit under a piece of woody 
debris.  Photograph taken May 21, 2009 at 12:50 pm by Liz Johnson.  (B) 
Pebble to gravel sized clasts deposit instream just upstream of tree #80 in 
Baker1-T-Flat.  Photograph taken May 21, 2009 at 12:50 pm by Liz Johnson.
Figure 27: Reach-average velocity (Ureach)-stage rating curve for Baker1-T-
Flat.  The error bars in the x-direction represent one standard deviation in 
either direction, calculated from the three stages corresponding to the peak 
measurements of each of the three salt dilution trials performed.  The error 
bars in the y-direction represent one standard deviation in either direction, 
calculated from the three velocities determined by the three salt dilution 
trials.
Figure 28: Cross-sectionally averaged velocity (U)-stage rating curve for 
Baker1-T-Flat.  The error bars in the y-direction represent a propagated error 
based on an experimental differential error analysis (Department of Physics, 
Bates College, 1991) involving error in the cross-sectional area and the 
velocity measurements.
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Figure 29: Roughness-stage rating curves for Baker1-T-Flat.  (A) Reach-
averaged roughness (nreach) versus stage with data sets representing field 
measurement sessions plotted in colors.  (B) Cross-sectionally averaged 
roughness (n) versus stage with data sets representing field measurement 
sessions plotted in colors.
Figure 30: Pebble count plot for Baker1-T-Flat. (A) Relative abundance of 
size classes surveyed within the sub-reach.  (B) Cumulative percent finer 
curve for Baker1-T-Flat.
Figure 31: Large woody debris movement in Baker1-C-Flat.  (A) Close-up of 
Baker1 study location showing sub-reach depicted in B (white box).  (B) 
Close-up schematic outline of Baker1-C-Flat showing LWD placement within 
the channel.  Three pieces of pre-existing LWD surveyed in August 2008 
(labeled A, B, and C here because they were not tagged) are shown in red.  
No wood existing in the channel during the May 2009 survey.
Figure 32: Photographs of Baker1-C-Flat during each field measurement 
session.  (A) Looking upstream from the downstream cross-section.  
Photograph taken July 21, 2008 at 12:46 pm by Liz Johnson.  (B) Looking 
upstream from the downstream cross-section standing on the right bank.  
Photograph taken August 2, 2008 at 2:43 pm by Benjamin Wilkins.  (C) 
Looking upstream from the left bank just downstream of the cross-section 
standing on the bifurcation.  The pre-existing LWD in the channel upstream 
of the right bend accumulated on the bifurcation during high flows.  
Photograph taken October 23, 2008 at 11:46 am by Benjamin Wilkins.  (D) 
Looking upstream from the downstream cross-section standing on the right 
bank.  Photograph taken May 19, 2009 at 12:23 pm by Liz Johnson.
Figure 33: Reach-average velocity (Ureach)-stage rating curve for Baker1-C-
Flat.  The error bars in the x-direction represent one standard deviation in 
either direction, calculated from the three stages corresponding to the peak 
measurements of each of the three salt dilution trials performed.  The error 
bars in the y-direction represent one standard deviation in either direction, 
calculated from the three velocities determined by the three salt dilution 
trials.
Figure 34: Cross-sectionally averaged velocity (U)-stage rating curve for 
Baker1-C-Flat. The error bars in the y-direction represent a propagated error 
based on an experimental differential error analysis (Department of Physics, 
Bates College, 1991) involving error in the cross-sectional area and the 
velocity measurements.
Figure 35: Roughness-stage rating curves for Baker1-C-Flat.  (A) Reach-
averaged roughness (nreach) versus stage with data sets representing field 
xmeasurement sessions plotted in colors.  (B) Cross-sectionally averaged 
roughness (n) versus stage with data sets representing field measurement 
sessions plotted in colors.
Figure 36: Pebble count plot for Baker1-C-Flat. (A) Relative abundance of 
size classes surveyed within the sub-reach.  (B) Cumulative percent finer 
curve for Baker1-C-Flat.
Figure 37: Large woody debris movement in Baker1-T-Steep.  (A) Close-up 
of Baker1 study location showing sub-reach depicted in B (white box).  (B) 
Close-up schematic outline of Baker1-T-Steep showing LWD placement within 
the channel.  Some movement occurred between the August 2008 survey 
(red) and the May 2009 survey (purple).  
Figure 38: Photographs of Baker1-T-Steep during each field measurement 
session.  (A) Looking upstream from the downstream cross-section.  A few 
pieces of pre-existing LWD can be seen in approximately the middle of the 
sub-reach.  Photograph taken July 21, 2008 at 11:07 am by Liz Johnson.  (B) 
Looking upstream from the downstream cross-section with a tagged added 
tree in the middle of the sub-reach.  Photograph taken August 7, 2008 at 
1:02 pm by Liz Johnson.  (C) Looking upstream from the middle of the 
channel just downstream of the cross-section.  Some LWD can be seen 
upstream in the middle of the sub-reach within the channel.  Photograph 
taken October 23, 2008 at 10:58 am by Adam Pearson.  (D) Looking 
upstream from the downstream cross-section standing on the right bank.  
Tree #97 is in the foreground near the right bank.  Photograph taken May 
19, 2009 at 10:28 am by Liz Johnson.
Figure 39: Reach-average velocity (Ureach)-stage rating curve for Baker1-T-
Steep.  The error bars in the x-direction represent one standard deviation in 
either direction, calculated from the three stages corresponding to the peak 
measurements of each of the three salt dilution trials performed.  The error 
bars in the y-direction represent one standard deviation in either direction, 
calculated from the three velocities determined by the three salt dilution 
trials.
Figure 40: Cross-sectionally averaged velocity (U)-stage rating curve for 
Baker1-T-Steep.  The error bars in the y-direction represent a propagated 
error based on an experimental differential error analysis (Department of 
Physics, Bates College, 1991) involving error in the cross-sectional area and 
the velocity measurements.
Figure 41: Roughness-stage rating curves for Baker1-T-Steep.  (A) Reach-
averaged roughness (nreach) versus stage with data sets representing field 
measurement sessions plotted in colors.  (B) Cross-sectionally averaged 
xi
roughness (n) versus stage with data sets representing field measurement 
sessions plotted in colors.
Figure 42: Pebble count plot for Baker1-T-Steep. (A) Relative abundance of 
size classes surveyed within the sub-reach.  (B) Cumulative percent finer 
curve for Baker1-T-Steep.
Figure 43: Large woody debris movement in Baker1-C-Steep.  (A) Close-up 
of Baker1 study location showing sub-reach depicted in B (white box).  (B) 
Close-up schematic outline of Baker1-C-Steep showing LWD placement 
within the channel.  Five pieces of pre-existing LWD surveyed in August 
(labeled A through E here because they were not tagged) are shown in red.  
No wood existed in the channel during the May 2009 survey.
Figure 44: Photographs of Baker1-C-Steep during each field measurement 
session.  (A) Looking upstream from the downstream cross-section standing 
on the right bank.  A few pieces of pre-existing LWD can be seen just 
upstream of the cross-section within the sub-reach.  Photograph taken July 
21, 2008 at 2:28 pm by Liz Johnson.  (B) Looking upstream from the right 
bank at three pieces of pre-existing un-tagged LWD.  Photograph taken 
August 6, 2008 at 2:36 pm by Liz Johnson.  (C) Looking upstream from the 
middle of the channel just downstream of the cross-section.  One piece of 
LWD exists just downstream of the cross-section.  Several patches of dry 
boulders and cobbles can also be seen at the cross-section.  Photograph 
taken October 23, 2008 at 1:42 pm by Benjamin Wilkins.  (D) Looking 
upstream from the downstream cross-section standing on the right bank.  
Photograph taken May 19, 2009 at 12:44 pm by Liz Johnson.
Figure 45: Reach-average velocity (Ureach)-stage rating curve for Baker1-C-
Steep.  The error bars in the x-direction represent one standard deviation in 
either direction, calculated from the three stages corresponding to the peak 
measurements of each of the three salt dilution trials performed.  The error 
bars in the y-direction represent one standard deviation in either direction, 
calculated from the three velocities determined by the three salt dilution 
trials.
Figure 46: Cross-sectionally averaged velocity (U)-stage rating curve for 
Baker1-C-Steep.  The error bars in the y-direction represent a propagated 
error based on an experimental differential error analysis (Department of 
Physics, Bates College, 1991) involving error in the cross-sectional area and 
the velocity measurements.
Figure 47: Roughness-stage rating curves for Baker1-C-Steep.  (A) Reach-
averaged roughness (nreach) versus stage with data sets representing field 
measurement sessions plotted in colors.  (B) Cross-sectionally averaged 
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roughness (n) versus stage with data sets representing field measurement 
sessions plotted in colors.
Figure 48: Pebble count plot for Baker1-C-Steep. (A) Relative abundance of 
size classes surveyed within the sub-reach.  (B) Cumulative percent finer 
curve for Baker1-C-Steep.
Figure 49: Pebble count plot for Baker3-T. (A) Relative abundance of size 
classes surveyed within the sub-reach.  (B) Cumulative percent finer curve 
for Baker3-C.
Figure 50: Pebble count plot for Baker3-C. (A) Relative abundance of size 
classes surveyed within the sub-reach.  (B) Cumulative percent finer curve 
for Baker3-C.
Figure 51: Examples of habitat formed by LWD in the Baker1 treatment 
reach.  (A) Photograph of example Atlantic salmon habitat formed by trees 
#75 and #76 just downstream of the Baker1-T-Flat cross-section.  
Photograph taken May 21, 2009 at 1:17 pm by Liz Johnson.  (B) Photograph 
of example Atlantic salmon habitat formed by trees #86 and #87 just 
downstream of the Baker1-T-Steep sub-reach.  Photograph taken May 21, 
2009 at 1:01 pm by Liz Johnson.
Figure 52: Examples of tree clustering, sediment sorting, and habitat formed 
by LWD in the Baker3 treatment reach. (A) Photograph of closeness of added 
trees and sediment sorting in Baker3-T.  Photograph taken May 21, 2009 at 
8:04 am by Noah Snyder.  (B) Photograph of sediment sorting near added 
tree in Baker3-T.  Photograph taken May 21, 2009 at 8:05 am by Noah 
Snyder.
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Chapter 1: Introduction and Background
Section 1.1 Introduction
Maine coastal rivers are important to current ecologic and geomorphic 
research because they host the remaining runs of endangered anadromous 
Atlantic salmon in the United States.   Atlantic salmon populations have 
declined over the last few hundred years with returning adults decreasing 
from approximately 500,000 in the 1800s to 1,000 in 2000 (National 
Research Council, NRC, 2000).  Populations in the U.S. once thrived from the 
Hudson River in New York north and east to the Canadian border (NRC, 
2000).  Presently, naturally reproducing populations occur only in Maine from 
the Kennebec River to the Canadian border (NRC, 2000).  The reduced 
extent of naturally reproducing populations due to overharvesting by 
commercial fishing operations caused salmon to be listed under the 
Endangered Species Act (ESA) in November 2000 (NRC, 2000).  The Atlantic 
salmon population has continued to decrease over the last 15 years 
(Haberstock et al., 2000) and research focus has been placed on restoring 
native populations.  
In order to restore populations of native salmon, an understanding of 
the ideal fluvial habitat requirements for salmon is required (Gibbins et al., 
2002; Moir et al., 2004).  Salmon prefer cold, fast moving, complex streams 
with alternating pool-riffle sequences.  Their habitat is controlled mainly by 
substrate size with gravel-bedded streams having the highest populations of 
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salmon (Hassan et al., 2008).  Pool formation, which is correlated to large 
woody debris (LWD) abundance within rivers (Montgomery and Abbe, 2003),
provides resting places during spawning travel and cover for juveniles during 
the winter (Dolloff and Warren, 2003; Shields et al., 2004).  
To qualify as LWD, a log must be (1) dead, meaning there is no 
evidence of life (green leaves) or no chance of survival, and (2) the root 
system no longer supports the weight of the stem (Schuett-Hames et al., 
1999).  Other requirements such as length and diameter must also be met,
but these criteria are different depending on the type of LWD survey being 
performed (discussed in the next section).  In general, LWD is wood that 
protrudes into the bankfull channel (Fox, 2002), stays in place during normal 
flow conditions and moves only during large, rare flood events.  Large woody 
debris is important in influencing channel morphology, whereas smaller 
fragments of wood (e.g. branches and twigs) become important when LWD 
already exists in the channel.  Smaller pieces are snagged and caught by 
LWD, thus creating jams and log dams (Abbe and Montgomery, 1996).  
Wood has a range of functions in river systems.  It can serve as 
hydraulic and geomorphic barriers to flow and sediment by slowing and 
redirecting surface water, and storing and sorting sediment (Dolloff and 
Warren, 2003).  Large woody debris serves a biological function by providing 
cover, food and habitat for aquatic organisms, especially fish.  All functions of 
LWD add complexity to streams by activating scour to create pools, and 
facilitating sediment storage.  Many studies have been performed to quantify 
2
the amount of LWD found naturally in rivers, as well as to re-introduce wood 
(LWD additions) to restore rivers to natural conditions (c.f. Floyd et al., 
2008).  Here, I study the effects of LWD additions in early August 2008 on 
hydraulics and substrate.  Using previous studies and information on LWD, I 
conducted velocity and discharge measurements during multiple field 
sessions to assess the effect added wood has on hydraulics of a small 
tributary of the Narraguagus River, Maine.
Section 1.2 Background
Section 1.2.1 Classification of Large Woody Debris
Large woody debris can be classified several different ways, including 
but not limited to diameter at breast height (DBH), length, type, and number 
of pieces.  These criteria change depending on the LWD survey being 
performed, but most commonly the Timber, Fish and Wildlife (TFW) survey 
method is used (Schuett-Hames et al., 1999).  The majority of surveys 
include DBH and length as core data.  DBH can be defined in a variety of 
ways.  For standing trees, the definition used by foresters is the 
circumference of a standing tree 1.37 m above ground (Mackie and 
Matthews, 2006).  If the ground is sloping, the measurement is taken on the 
uphill side of the tree (Mackie and Matthews, 2006).  If the tree is not 
standing, the DBH is the circumference of the stem, or bole, at the mid-point 
along the length of the log (Schuett-Hames et al., 1999).  The most 
commonly used minimum for LWD is 15 to 20 cm DBH, although some 
surveys such as the TFW method, use as small as 10 cm (Shuett-Hames et 
3
al., 1999; Dolloff and Warren, 2003), or as large as 50 cm (Magilligan et al., 
2007).  Smaller values of DBH are used where riparian forests are young and 
streams are small and narrow, and large values are used for wide rivers with 
mature surrounding forests.  Length requirements of LWD also vary 
depending on the survey.  The common value used is at least 2 m or longer 
in length (Fox, 2002), although the TFW survey method uses a minimum of 1 
to 1.5 m length to classify LWD (Schuett-Hames et al., 1999; Dolloff and
Warren, 2003). 
The type and number of pieces of LWD refers to differentiating 
between logs, rootwads, and jams.  Generally, LWD logs are individual pieces 
of wood that meet DBH and length requirements of the survey used and 
extend into part of the channel.  A log is defined as a tree or portion of a tree 
that may or may not include the root system (Schuett-Hames et al., 1999)  
According to the TFW survey method, a log can qualify as LWD if it meets 
four requirements: (1) it is dead, (2) the root system (if present) no longer 
supports the weight of the bole, (3) it has a minimum diameter of 10 cm 
along 2 m of its length, and (4) it has a minimum of 10 cm of length 
extending into the bankfull channel (Schuett-Hames et al., 1999).  Rootwads
are defined as dead portions of trees with recognizable stems and root 
systems and have a total length less than 2 m. The four criteria used by the 
TFW survey method are: (1) it is dead, (2) the root system has detached 
from its original position, (3) it has a minimum diameter of 20 cm, and (4) it 
has a minimum 10 cm of length extending into the bankfull channel 
4
(Schuett-Hames et al., 1999).  Jams are combinations of qualifying logs and 
rootwads, and are defined typically by the number of pieces.  A common 
misconception of LWD jams is that the pieces must be intertwined with each 
other, however, the TFW survey method classifies jams as having a minimum 
of 10 pieces physically touching one another at one point or more, and at 
least 10 cm of the pieces must extend into the bankfull channel (Schuett-
Hames et al., 1999)
Based on these definitions, LWD includes channel-spanning logs, 
rootwads, snags, logjams, and debris dams (Abbe and Montgomery, 1996) 
because when a tree falls into a river it can stay intact or break into pieces.  
Depending on the size of the tree and the river, it can either remain where it 
fell, move downstream and become caught up on other LWD jams (if they 
exist) or the bank, or continue to move through the channel and into another 
river (Montgomery et al., 2003).  The type of debris found in a river is 
dependent upon the riparian forest, as well as the orientation of key pieces of 
wood within the channel.  Key LWD pieces are defined as individual logs that 
have their root-wads attached and stay in place during bankfull flows (Fox, 
2002).  These pieces are the ones that essentially trap other woody debris 
that flow downstream because the root-wad anchors the tree in place (Fox, 
2002).  Dams and jams form when multiple pieces of LWD catch up on one 
another and trap small twigs and branches along with leaves.
5
Section 1.2.2 Large Woody Debris Loading
The amount of large woody debris in streams depends on the size of 
the stream, the riparian zone, and the mechanisms of introduction 
(Fetherston et al., 1995).  Smaller rivers tend to have more single pieces of 
LWD than larger rivers because the velocity of small rivers is low and the 
wood is less likely to be transported downstream.  Large rivers often have a 
fewer single pieces of LWD because flow is great enough to flush the pieces 
out (Fetherston et al., 1995), however, there is a greater accumulation of 
jams in downstream sections of larger streams because LWD is transported 
and clumped together (Fetherston et al., 1995).
Mature riparian zones provide longer-lived LWD to rivers than 
immature riparian zones.  Riparian zones consisting of conifers provide 
larger, more stable trees than hardwood stands.  The larger the tree the less 
likely it is to be flushed downstream during normal flow conditions.  Also, the 
decay rate of conifers is slower than that of hardwoods, thus increasing the 
length of time the wood remains in the stream (Fetherston et al., 1995).  
Streams with tall trees near the water edge receive more LWD than streams 
without vegetation close to the banks.  Approximately 70% to 90% of 
riparian input of LWD occurs within 30 m of the water edge (Fetherston et 
al., 1995).  However, the more mature the tree stand, the greater the input 
distance, and LWD loading is different in different regions.  In the 
northeastern United States, LWD loading is highest 10 years after logging 
and in old-growth forests (> 100 years), whereas the lowest input of LWD 
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occurs approximately 40 to 60 years after logging (Tritton, 1980).  The 
riparian environment also contributes to the amount of LWD added to a 
stream.  Steep banks are also more likely to provide LWD to channels than 
flat banks because the trees are less stable (Hedman et al., 1996). 
The main mechanisms for introducing LWD to streams are divided into 
two categories: (1) chronic and (2) episodic.  Chronic processes add small 
amounts of LWD at regular intervals and include natural tree decay and 
mortality and bank undercutting.  Episodic events introduce large amounts of 
wood at sporadic and infrequent intervals via disturbance processes such as 
floods, catastrophic wind throw, and fire (Fetherston et al., 1995).  The 
majority of wood is added by undercutting of banks, especially in unconfined 
streams.  Confined channels receive wood dominantly via wind throw.  There 
is also input of LWD from upstream sources, but this is limited to large floods 
in small streams and generally occurs in larger rivers (Fetherston et al., 
1995).
Section 1.2.3 History of Large Woody Debris in Rivers
Rivers across the world have contained wood since the Earth became 
vegetated by terrestrial plants in the late Silurian (Montgomery, 2003).  Prior 
to industrialization, the amount of wood (and LWD) in rivers is unknown 
because no records of historical wood abundance exist.  Human alteration of 
forest ecosystems began in different times in different places, but in most 
cases removal of wood first began in the riparian zones surrounding rivers 
7
because rivers were useful for transporting logs to the processing facility 
(Montgomery et al., 2003).  Europe has experienced deforestation for the 
past 6,000 years, but de-logging (e.g. active removal of wood from rivers) 
rivers has dated to the Roman era (Williams, 2000; Montgomery et al., 
2003).  Widespread land clearing occurred in Australia since European 
settlement 200 years ago (Lester and Wright, 2008), but rapid riparian 
clearing and active removal of wood in rivers of southeastern Australia 
occurred during 1986 to 1995 (Lester and Wright, 2008).
The dense forests of the North America were removed much more 
rapidly (over decades as compared to centuries; Montgomery et al., 2003) 
than in Europe.  In the 19th and 20th centuries, clearing expanded and large 
rivers, such as the Ohio and Mississippi, were cleared of all wood in order to 
facilitate navigation by boats (Montgomery et al., 2003).  Timber harvesting 
occurred in Maine during the 19th and 20th centuries as well.  The mainstem 
Narraguagus River, the focus of this study, had at least six dams that were 
used for logging (Figure 1).  Smaller tributary streams had splash dams, 
which are temporary wooden structures constructed to raise water levels and 
trap cut logs from the surrounding area in the impoundment.  These dams 
were later breached purposely to efficiently transport logs to larger rivers 
(Montgomery et al., 2003) at a rate that is much faster than most normal 
flow conditions.
The removal of wood from rivers, especially in the larger systems, 
allowed navigation by boat.  A perception existed that wood inhibited 
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waterways not only to humans but for other reasons as well.  The thought 
was that wood blocked channels, inhibited fish migration, contributed to bank 
and bed erosion, and increased flood duration and magnitude (Lester and 
Wright, 2008).  The rapid de-logging of streams resulted in a homogenization 
and less complex river system on many continents.  This stream 
homogenization and decreased complexity resulted in decreased aquatic 
habitat, and lead to adverse affects for aquatic species, especially fish.
Section 1.2.4 Large Woody Debris and Aquatic Habitat
Section 1.2.4.1 Atlantic Salmon Habitat Requirements
Large woody debris is an important control on stream ecology and 
morphology all over the world.  Large woody debris is effective in creating a 
complex and diverse environment in which various species can live,
especially salmon.  Montgomery (2004) shows that the input of LWD effects 
the process of sediment transport, which in turn causes changes in channel 
morphology (i.e., creating pools, riffles, etc.; Figure 2).  Atlantic salmon 
require specific habitat parameters that are dependent upon life stage 
particularly because they are an anadromous species that spawn in 
freshwater.  Adults return to natal, gravel-bedded (16-64 mm, Kondolf and 
Wolman, 1993; Buffington et al., 2004) streams in the northern Atlantic 
basin to spawn in October and November (Haberstock et al., 2000).  Eggs 
are laid in redds constructed at the downstream ends of riffles.  These 
incubate over winter, and begin hatching and emerge from beneath gravel in 
late May.  The juvenile salmon, known as fry or parr, depending on the age, 
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remain in the stream (16-256 mm substrate, Buffington et al., 2004; Kondolf 
and Wolman, 1993) feeding on invertebrates.  Smolts travel to the Atlantic
Ocean and feed on larger food resources to continue growth to adulthood.  
The adults return to their natal freshwater streams to continue the spawning 
cycle (Figure 3, Haberstock et al., 2000).  The critical life stage for Atlantic 
salmon is the juvenile period (e.g. fry or parr) because at this point the fish 
are most vulnerable to predators, food scarcity, and stream hydraulics.  As a 
juvenile, growth is limited by food ability, competition, channel morphology, 
substrate, protective cover, water depth, clarity, temperature, dissolved 
oxygen content, and velocity (Habertstock et al., 2000).  Large woody debris
mainly affects channel morphology and velocity, which then cause changes in 
other parameters such as protective cover, water depth, substrate, and 
dissolved oxygen content.
Section 1.2.4.2 Large Woody Debris Effects on Atlantic Salmon 
Habitat
In a channel without wood, a normal velocity profile shows the fastest 
water is at the top of the water column, and velocity decreases as distance 
from the bed decreases (Figure 4, Anderson and Anderson, in press).  Large 
woody debris that is in the channel and in contact with the water affects the 
velocity of the stream by acting as a barrier or roughness element.  Water is 
intercepted and deflected elsewhere around the log (Figure 5) causing 
velocity (denoted by the length of the arrows) to decrease in certain areas 
and increase in others (Swanson et al., 1982; Fetherston et al., 1995).  In 
12
Figure 3: The Atlantic salmon life cycle (reproduced from the Ministry of 
Natural Resources, Ontario, Canada, 2009).  Freshwater lifestages include 
the egg, alevin, fry and parr.  Smolt is the stage at which juveniles 
through smoltification become ready to migrate to the marine environ-
ment where they may spend up to four years feeding, reaching the adult 
stage.  Spawning adults return to natal streams to spawn.  Spawning 
adults may then return to the marine environment to feed until the next 
spawning cycle.
13
Figure 4: Normal velocity profile showing fastest water velocity at the top of a 
water column and decreasing as distance from the bed decreases (Anderson 
and Anderson, in press). 
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Figure 5: Schematic representing water-LWD interaction.  The length of the 
black arrows represents velocity with long arrows meaning fast velocity.
(A) Interaction of water and LWD not in contact with the bed.  Scour occurs 
upstream of the log (red dashes) and deposition occurs downstream (yellow 
circle) because of decreased velocity in the wake zone (purple W).
(B) Interaction of water and LWD in contact with the bed.  Deposition mainly 
occurs upstream because a wake zone (purple W) forms when water 
intercepts the log and cannot travel beneath it.  Some deposition might 
occur downstream because a second wake zone forms as water travels over 
the log (after Swanson et al., 1982; Fetherston et al., 1995).
W
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the example shown on Figure 5A, the log is not in contact with the 
streambed and is oriented perpendicular to flow.  Water travels with the 
same velocity until it intercepts the log diverting upwards and downwards
with a slower velocity.  Water moving beneath the log increases in velocity 
because the space it is moving through is narrower.  Water continues around 
the log, is diverted and results in a decrease of velocity.  For the example 
shown on Figure 5B, water cannot flow under the log and results in a 
decreased velocity zone upstream and downstream of the log.
The decreased velocity zones formed near the log are known as wakes
(purple circles denoted with a ‘w’ on Figure 5), and are the zones in which 
most juvenile salmon spend their time (Mackey and Atkinson, personal
communication, 2008).  Because salmon prefer fast moving streams 
(Haberstock et al., 2000; Hassan et al., 2008), they use tremendous 
amounts of energy trying to stay in place and the LWD provides a resting 
place where the juveniles can spend time without using much energy.  The 
wake zone is also clear and highly oxygenated and is a place where fry and 
parr can spend time without expelling energy trying to stay in place.  The 
water that deflects up from the streambed brings oxygen into the wake zone 
providing juveniles with plenty of oxygen.
Large woody debris forces changes in channel morphology because it 
is an external factor that does not depend on the channel gradient 
(Buffington et al., 2004).  The geomorphic effects that result are due to 
changes in the stream hydraulics because of added roughness.  For the 
16
example shown on Figure 5A, the downward deflected water causes scour
upstream of the log (red dashed area of Figure 5A).  This sediment is carried 
by the fast moving water under the log.  Deposition (yellow areas on Figure
5) occurs just downstream of the log because the space through which water 
is moving increases resulting in a decreased velocity causing coarse 
entrained particles to settle out.  Deposition occurs upstream of the log in the 
situation shown on Figure 5B.  The water does not travel under the log and 
therefore stops or slows, resulting in deposition.  Over time, water might 
scour a path underneath the log in Figure 5B and create the example in 
Figure 5A.  Some pieces of LWD act as steps and create a turbulent 
downward flow of water (Fetherston et al., 1995).  The turbulent flow is 
directed toward the bed and scours a plunge pool (Montgomery et al., 2003).  
The sediment scoured from the bottom of the pools can be carried 
downstream or deposited in bars along the banks.  This results in pools to 
have coarser lag sediment while the bars are made up of finer sands.  Fine 
sediment may also accumulate along the upstream margins of LWD.  Thus 
LWD is effective in sorting sediment spatially. 
Channel morphology is also affected when wood acts to narrow the 
channel.  Leaf litter, small twigs and branches, other debris, and fine 
sediment are caught against the key log and result in a build-up of high 
carbon-content temporary jam.  Over time, this jam may develop into a river 
bank and become stabilized by early successional plants.  In this situation, 
water is deflected along the length of the log towards the opposite bank
17
(Swanson et al., 1982; Fetherston et al., 1995) through a narrower channel 
resulting in increased velocity.  Narrowing causes erosion and undercutting of 
the opposite bank.  Temporarily (e.g., during the time it takes to become 
river bank) the debris jam is conducive to micro- and macroinvertebrates, 
which are vital parts of salmon diet.  The micro- and macroinvertebrates 
colonize and begin to breakdown the dead leaves and twigs.  The jams 
provide cover and protection from predators and high flows for juvenile 
salmon as well.  Some fry and parr seek refuge in the wake zones, as 
mentioned previously, but they can also hide in the deep scour pools where
velocity is slower (Mackey and Atkinson, personal communication, 2008).  
Also, scoured holes in the coarser lag sediment of the deep pools provide
safe hiding places for juveniles.  Or, if the log is in contact with the bed 
(Figure 5B) salmon can hide or rest underneath the log.  All of these effects 
together create a complex river system in which various species can live.
Section 1.2.5 Previous Large Woody Debris Additions
Because LWD plays a significant role in channel morphology and 
creating aquatic habitat and large amounts of wood has been removed from 
rivers, government agencies and non-profit groups in different countries 
have begun adding wood back into river systems.  The goals of LWD addition 
projects are different in different locations, but the majority of the additions 
are to facilitate pooling and sediment storage conducive to spawning salmon.  
Early LWD studies involved simply identifying and counting LWD in rivers and 
18
analyzing the ecology and geomorphology of woody rivers (e.g. Montgomery 
et al., 2003; Magilligan et al., 2007).  Upon adding wood, studies focused on 
analyzing ecologic and geomorphic changes due to LWD (e.g. Dolloff and 
Warren, 2003; Kail, 2003; Montgomery, 2003; Wallerstein and Thorne, 
2003; Brooks, et al., 2004; Floyd, 2008).  The majority of studies involving 
LWD additions are long term (in excess of four to five years) and focus on 
quantifying the returning populations of salmon in successive years.  The 
prior studies are listed in Table 1 and summarized in the following sections.
19
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Section 1.2.5.1 Queets River, Olympic Peninsula, Washington
Abbe and Montgomery (1996) performed surveys on the Queets River 
on the Olympic Peninsula in northwest Washington State, and assessed the 
effects of LWD already in place in several low-gradient study reaches instead 
of adding wood to the river.  The results from this study motivated future 
LWD studies.  Measurements included mapped channel morphology, pool 
depth and type, substrate characterization via pebble counts, and in-stream 
velocities. 
Abbe and Montgomery (1996) determined the type and distribution of
debris jams.  The majority of the jams were determined to be bar apex jams, 
but also observed were bar top and meander jams.  Bar apex jams are stable 
and have three structural components: (1) the key log oriented parallel to 
flow, (2) normal logs oriented orthogonal to flow, and (3) oblique logs 
oriented 10-30 degrees to flow.  Bar top jams are considered to be random 
accumulations of logs with very little stacking.  These are rather unstable and 
usually mobilized during bankfull flows.  Meander jams are relatively stable 
and composed of two components: (1) the key members oriented parallel to 
flow located upstream of a point bar and (2) the racked members, which are 
caught up and stacked on the key members (Abbe and Montgomery, 1996).
This study showed that the LWD jams, specifically bar apex jams, in 
the Queets River are effective in shaping channels by influencing hydraulics 
and sediment storage and transport.  Flow patterns are altered due to the 
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deposition of the key members of these jams, which results in bar growth 
and formations of sediment islands (Abbe and Montgomery, 1996).  The 
growth of bars and islands is due to increased scour and creation of pools 
near the jams.  The jams were also important in creating both terrestrial and 
aquatic habitat. The increased pools provided protection and refuge for fish, 
especially Pacific salmon (Abbe and Montgomery, 1996).
Section 1.2.5.2 Williams River, NSW, Australia
Brooks et al. (2004) performed LWD additions on a 1.1 km test reach 
on the Williams River in Australia.  The study began with a baseline 
characterization of the study reaches in which they surveyed and mapped 
geomorphic and hydrogeomorphic units and quantified bed material textures.  
This involved counting and mapping the spatial distribution and size of pools 
and bar deposits, and performing pebble counts for substrate 
characterization.  Brooks et al. (2004) monitored fish populations by boat-
mounted and/or backpack electrofishing. 
In September 2000, wood was added in the form of 20 engineered log 
jams constructed out of 436 logs with attached root-wads.  A total of 0.014 
m3/m2 of wood was added to the test reach (Brooks et al., 2004; Brooks et 
al., 2006).  Four types of jams were constructed: (1) Deflector jams 
constructed by layering multiple logs atop of one another and attaching the 
jam to the bank.  The jams were kept in place by placing gravel backfill 
behind the jam to act as ballast.  (2) Bar apex jams constructed by layering 
23
multiple logs and securing with gravel backfill ballast and placed in mid-
channel near or on existing bars.  (3) Bank revetment structures were used 
on relatively low banks where the logs covered the majority of the bank 
exposed to flow.  Logs were layered in a crib-like pattern and were 
constructed parallel to flow.  (4) Log sill complexes constructed perpendicular 
to flow and flush with the riverbed.  Three logs were placed in a pyramidal 
fashion to construct these jams (Brooks et al., 2006).
Post-treatment monitoring of the study site showed that net scour and 
deposition increased in the treatment reach.  Brooks et al. (2004) observed a 
net gain of 40 m3/1000 m2 of sediment storage in the treatment reach, while 
the control reach lost a net of 15 m3/1000 m2.  Scouring formed deep pools 
(1.6 m in the test reach) upstream and adjacent to the large deflector 
structures due to channel contraction and deflection of flows toward the 
riverbed (Brooks et al., 2004; Brooks et al., 2006).  The depth to which pools 
were scoured is controlled by the height of the engineered structure, with 
deeper pools forming upstream of taller structures.  The increased scour 
resulted in increased sediment transport through the reach that was 
deposited in bars at higher elevations (up to 2.2 m surface elevation in the 
test reach).  Overall, the test reach was found to be significantly finer post-
LWD treatment.  The geomorphic and hydrogeomorphic units surveyed prior 
to adding the structures were again surveyed post-treatment.  Most of the 
units significantly fined compared to the baseline survey (t-test p<0.1, 
Brooks et al., 2004).  The control reach median grain size (D50) was 77 mm 
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and the test reach baseline D50 was 76 mm.  Post-treatment surveys at two 
locations in the test reach show a D50 of 65 mm, whereas the control reach 
coarsened to a D50 of approximately 120 mm as estimated from the reach-
averaged bed-material frequency distribution of Brooks et al. (2004).  Fish 
also responded positively to the wood additions.  2,885 total fish 
encompassing 13 species were recorded during four electrofishing surveys.  
Brooks et al. (2004) surveyed 545 fish in the control reach and 2,340 fish in 
the test reach.  The average number of fish in the test reach increased by 
50.4 % after the LWD additions (Brooks et al., 2006).
Section 1.2.5.3 Victoria and Gippsland, Australia
Lester and Wright (2008) looked at the hydraulic effects added LWD 
has on eight streams in southwest Victoria and Gippsland, Australia.  The 
study was performed in two agricultural regions with temperate climate and 
an average annual rainfall of 750 mm/year.  Sixteen sites were chosen and 
divided into eight control and treatment pairs based on habitat characteristics 
to minimize variations in flow and substrate characteristics, as well as 
nutrient loads and riparian zone composition.  Four of the eight paired sites 
were located on the same stream, three paired sites were located on 
different tributaries within the same river system, and one paired site was
located in neighboring catchments (Lester and Wright, 2008).
Each of the 10 m long treatment sites received thirteen pieces of LWD 
ranging from 0.05 to 0.35 m in diameter.  The LWD was anchored in place 
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with twine and steel pickets to prevent downstream washout during high 
flows.  A debris jam was also constructed in each treatment site, and was 
composed of eight of the thirteen added pieces of wood (Lester and Wright, 
2008).  During the first six months lost pieces of wood were replaced and 
secured with stronger twine to keep the study consistent through time.
Five sampling sessions occurred during this study, summer and 
autumn 2004, immediately after LWD introduction, autumn 2004, spring 
2004, and autumn 2005.  The sampling occurred along three cross-sectional 
transects within each treatment site upstream of all added wood (0 m), at 
the site of the debris jam (5 m), and one downstream of the added wood (10
m, Lester and Wright, 2008).  Erosion data were collected by monitoring 150 
mm pins installed in each control and treatment site.  Velocity data were
collected using either a Global Water 800-876-1172 or HS OSS-PC1 flow 
meter at 0.2 m intervals along the transects at 6/10 flow depth (Lester and 
Wright, 2008).
Lester and Wright (2008) found that no hydraulic pattern existed 
across the treatment reaches, and addition of LWD only significantly
(p=0.016) lowered maximum velocity at the downstream cross-section (10 
m).  Lester and Wright (2008) measured a pre-treatment maximum velocity 
of 0.135 m/s and a post-treatment velocity of 0.008 m/s at the downstream 
cross-section.  The upstream cross-sections (0 m) exhibited statistically 
insignificant increases in maximum velocity from a pre-treatment maximum 
velocity of 0.135 m/s to a post-treatment maximum velocity of 0.145 m/s.  
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At the wood, maximum velocity also decreased from 0.12 m/s pre-treatment 
to 0.11 m/s after treatment.  Average velocity values decreased at each 
cross-section from pre-treatment to post-treatment.  These velocity values 
were estimated from the maximum velocity profile characteristics before and 
after treatment.  The study showed that local-scale hydraulic affects were 
more prominent than site-scale effects because velocity slowed in treated 
sites at individual transects.  Erosion was low overall for each of the treated 
sites, and was seen to decrease over the time of the study.  In the control 
reach, short term bank erosion at 0 m occurred at a rate of 0.048±0.047
mm/day, whereas in the treatment reach erosion occurred at a rate of 
0.292±0.047 mm/day.  At the debris jam (5 m) erosion occurred at 
0.067±0.046 mm/day in the control reach and 0.113±0.046 mm/day in the 
treatment reach.  At 10 m, bank erosion occurred at a rate of 0.038±0.034 
mm/day in the control reach and 0.139±0.034 mm/day in the treatment 
reach (Lester and Wright, 2008).  Short-term bank erosion rates were higher 
in the treatment sites, versus the control sites, indicating that the added 
LWD may cause an increase in short-term erosion of streams.
This study shows that a local decrease in stream velocity occurs where 
LWD was added to the channel, but the site-scale effects are still yet to be 
determined.
27
Section 1.2.5.4 Brierly Brook, Antigonish County, Nova Scotia
Floyd et al. (2008) performed a LWD addition study from 1995 to 2004 
on a 1-km reach of Brierly Brook near Antigonish, Nova Scotia to increase 
Atlantic salmon populations.  Additions occurred in 1995 in a 250 m sub-
reach called the Old Restored Site, and 2003 in a 250 m sub-reach called the 
New Restored Site (Floyd et al., 2008).  Post-addition monitoring 
documented how the reaches have responded both physically and 
ecologically to artificial structures.
Brierly Brook is a 20-km long tributary of West River that drains an 
area of approximately 35 km2.  The brook has a bankfull channel width of 8 
m and a conductivity of 1140 microsiemens per centimeter (μS/cm).  The
mean annual discharge is unknown because Brierly Brook is not gauged
(Taylor et al., 2009).  Following Newbury (2003), Floyd (2005 calculated the 
mean monthly and mean maximum monthly discharge using archived data 
from South River at St. Andrews and discharge relationships between 
catchment areas (Taylor, personal communication, 2009).   Floyd (2005) 
estimated a mean monthly discharge of 0.5 m3/s and a mean maximum 
monthly discharge of 3.0 m3/s.
Artificial structures that mimic natural LWD jams were added in the 
two test reaches in order to create pool-riffle sequences conducive to salmon 
habitat.  The structures consisted of digger logs and deflector logs.  Digger 
logs are tree trunks that lay cross-channel and are oriented parallel to the 
water surface to simulate a fallen tree.  These logs are dams that trap water 
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and sediment upstream and create plunge pools on the downstream side of 
the log.  Bank deflectors are triangular constructions built along the banks 
with one log oriented approximately 30 degrees to flow.  These are in-filled
with rock to secure the structure in place (Floyd et al., 2008).  The purpose 
of deflectors is to narrow the channel and focus flow to one side of the 
channel.  The focused flow scours sediment and deposits it downstream.  The 
study analyzed the sediment changes within the channel due to the artificial 
structures as well as the response of fish.
The artificial structures created downstream pools and built up point 
bars along the banks near the structures.  Most of the change occurred 
during high flows when standing waves formed and caused scour below 
digger logs and deposition behind the structures (Floyd et al., 2008).   Fish 
surveys showed that most fish were found near the structures placed in the 
treatment reaches.  In 2004 in the New Restored Site, the abundance of fry 
increased to 250/100 m2 from the 2003 value of approximately 75/100 m2.  
The fry in the Old Restored Site decreased in 2004 to 100/100 m2 from the 
2003 abundance of 350/100 m2.  Parr abundance also increased in the New 
Restored Site from 20/100 m2 in 2003 to 30/100 m2 in 2004.  Parr 
abundance remained the same in the Old Restored Site between 2003 and 
2004 at 70/100 m2 (Floyd et al., 2008).  The surveys showed that the fry 
were found hiding beneath rocks upstream of the digger logs, while parr 
made use of the pools created downstream of the logs (Floyd et al., 1998).  
They also noticed that the number of redds during spawning season 
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increased each year after the addition of LWD.  In the Old Restored Site, no 
spawning occurred prior to LWD treatment.  Throughout the study period, 
the Old Restored Site had 5.7±2.4 redds/100 m.  The New Restored site
conversely had redd densities of 3.4 redds/100 m in 2003 and were 7.7 
redds/100 m in 2004 (Floyd et al., 2008).  These observations led to the 
conclusion that LWD additions do increase salmon habitat and populations.
Section 1.2.5.5 Downeast Maine  
  
Coastal Maine LWD studies (Figure 6, Table 2) began in 2005, with 
preliminary observations of LWD density and associated salmon populations 
providing the basis for choosing LWD addition sites for future years.  
Electrofishing and snorkeling in Old Stream by the Maine Department of 
Marine Resources (MDMR) showed that larger populations of salmon are 
found in areas of dense LWD (Mackey and Atkinson, personal
communication, 2008).  Based on these data, two potential addition sites 
were chosen on Creamer Brook, a tributary of the East Machias River.  One 
study reach pair was chosen for its pre-existing high density LWD and the 
second pair was chosen for its pre-existing scarcity of LWD in order to 
determine relationships between LWD and substrate (Mackey and Atkinson, 
personal communication, 2008).
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Drainage Tributary and Site Lower River km Upper River km
Narraguagus Lower Gould Brook 0.64 0.98
Narraguagus Lower Baker Brook
(Baker1)
0.282* 0.872* 
Narraguagus Upper Baker Brook
(Baker3)
2.426* 2.765* 
Machias Dead Stream 1.31 1.67
Machias Holmes 3.72 3.82
Machias Holmes 3.54 3.59
East Machias Lower Creamer Brook N/A N/A
East Machias Upper Creamer Brook N/A N/A
Table 2: Large woody debris treatment sites in Downeast Maine.  River km is 
measured upstream from the mouth of the tributary.  N/A refers to data that is not 
available.  (After Naumann, personal communication 2008).  *Denotes data from the 
current study.
In 2006, the U.S. Fish and Wildlife Service (USFWS) along with the 
MDMR performed LWD treatments the Creamer Brook sites determined in 
2005 (Mackey and Wright, personal communication, 2008).  Each study site 
was chosen based on the density of trees along the riparian zone and was 
further divided into two 120 m reaches, control and treatment.  Hardwood 
trees with at least a 15 cm DBH were added to the treatment reaches every 
10 m via the chop and drop method (Mackey and Wright, personal 
communication, 2008).  This method involves an initial survey and flagging 
of trees to be added by the MDMR.  A woodcutter then cuts the marked trees 
with a chainsaw.  The trees are cut from the banks and dropped directly into 
the channel parallel to the water surface.  The Maine Bureau of Sea-Run 
Fisheries and Habitat electrofished in both the control and treatment reaches 
pre- and post-LWD additions to determine changes in Atlantic salmon and 
other diadromous fish (e.g., brook trout) populations.  Treatments continued 
in 2007 in Gould Brook in the Narraguagus River watershed and Dead 
Stream in the Machias River watershed, which are of lower gradient and finer 
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substrate than the 2006 addition sites (Mackey and Wright, personal
communication, 2008).  Large woody debris additions will continue in Maine 
over the next few years (Table 3) as part of state-wide restoration projects.  
Ecologic monitoring continues in the treated sites and results can be found in 
reports of the Maine Bureau of Sea-Run Fisheries and Habitat.
Drainage Tributary and Site Lower River km Upper River km
Narraguagus Upper Gould Brook 3.28 3.55
Narraguagus Lower Humpback 3.96 4.15
Narraguagus Middle Humpback 2.84 2.94
Narraguagus Upper Humpback 2.2 2.3
Narraguagus 35 Brook 1.25 1.34
Narraguagus Shorey Brook 1.25 1.34
Narraguagus Lower Rocky 0.92 1.02
Narraguagus Upper Rocky 0.04 0.14
Narraguagus Lower Sinclair TBD TBD
Narraguagus Middle Sinclair 1.95 2.12
Narraguagus Upper Sinclair 2.7 2.9
Narraguagus Pork TBD TBD
Machias Big Springy N/A N/A
Machias New 17.15 17.15
Table 3: Possible future large woody debris treatment sites for Downeast Maine.  
River kilometers are measured upstream from the mouth of the tributary.  The sites 
that were already surveyed with the treatment reaches specifically mapped out have 
lower and upper river km.  The others are potential sites that must still be surveyed
and are either yet to be determined (TBD) or not available (N/A).  (After Naumann, 
personal communication 2008).
Based on these studies a few questions arise about LWD additions.  
Does LWD contribute solely to ecological and geomorphological changes?
Are other river parameters affected by adding wood; and how early can 
changes be seen?  My study looks to answer these questions by monitoring 
the immediate (weeks to one year) pre- and post-LWD addition hydraulic and 
geomorphic changes of control and treatment reaches within one stream.  
The study answers the following three research questions: (1) how much 
does mean velocity change through the reaches, (2) how much does 
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hydraulic roughness change through the reaches, (3) does sediment storage 
and spatial sorting result from the LWD additions?  I performed field work in
May, July, August, and October of 2008 to gain insight into immediate 
hydraulic effects and in May of 2009 to quantify the long-term geomorphic 
and hydraulic effects.  The longer time period captured by the second suite of 
measurements allows for flood events to occur and settling of the added 
wood.
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Chapter 2: Study Area and Experimental Design
Section 2.1 Baker Brook, Washington County, Maine
Large woody debris additions were conducted in August 2008 in two 
locations on Baker Brook (Table 4) in the northeastern portion of the 
Narraguagus Watershed, Coastal Maine (Figures 6 and 7).  Baker Brook is a 
4.8 km long west flowing tributary and drains a watershed area of 15.8 km2.  
The lower part of the stream (around the Baker1 study location) is incised 
into glacial-fluvial sediments.  In some reaches these sediments confine the 
channel, particularly on the right side (looking downstream).  Similar to 
Brierly Brook, Nova Scotia (Section 1.2.5.4), Baker Brook is un-gauged.  The 
average annual discharge, determined by regressions based on Dudley 
(2004), is 0.38 m3/s.  The value was calculated using the ratio of the Baker 
Brook watershed area (15.8 km2) to the Narraguagus River watershed area 
(588 km2), and the average annual discharge (Figure 8) of the Narraguagus 
River (14.02 m3/s) from United States Geological Survey (USGS) gauging 
station data at Cherryfield, Maine (station 01022500, Dudley, 2004).
My project focuses on two study locations named Baker 1 and Baker 3.  
Baker 1 is located nearest the confluence with the Narraguagus, and Baker 3 
is the farthest upstream (Figure 7).  In future years, another LWD treatment 
may occur between these two sites, which would be the Baker2 site.  The
locations were chosen based on channel gradient determined from LiDAR 
DEM elevation values along the Baker Brook centerline (shown in blue on 
Figure 7) which was located using a global positioning system (GPS) survey 
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in May 2008 and image analysis of the LiDAR DEM (Figures 9 and 10).  This 
line is different from that shown by the United States Geological Survey 
(USGS) hydrologic datasets and is the reason for discrepancy between the 
river centerline and the watershed boundary in Figure 7.
Each study site is divided into two reaches, control and treatment 
where the control reach is upstream of the treatment reach.  These reaches 
are roughly the same length and are further divided into 50 m sub-reaches 
that are the focus of the study (Table 4).  These sub-reaches were 
determined largely by slope from the LiDAR profile (Figures 9 and 10) as well 
as substrate.  With the exception of the low gradient control sub-reach 
(Baker1-C-Flat), all sub-reaches are straight (Figure 7).  Baker1-C-Flat has a 
right bend approximately halfway through the sub-reach, but was chosen 
because it is the only section of the Baker1 control reach that has a gradual 
slope and substrate comparable to that of the treatment reach.
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I performed hydraulic measurements and geomorphic surveying in 
only the Baker1 sub-reaches.  I collected grain size data in the Baker1 and 
Baker3 sub-reaches.  Baker1 is the main focus of my research because it is 
readily accessible by vehicles, and the variability in slope throughout the 
location allowed for the division into four 50 m sub-reaches rather than two,
which was the case with the Baker3 site.  Also, the similarities between the 
sub-reaches of similar slope (e.g., between Baker1-C-Flat and Baker1-T-Flat,
Figure 11 and Table 4) facilitates geomorphic comparisons in Baker1.  The 
two flat sub-reaches have flat left banks and steep right banks (Figure 12).  
Baker1-C-Flat and Baker1-T-Flat have more consistent bed morphology than 
Baker1-C-Steep and Baker1-T-Steep (Figure 11). 
Large woody debris additions occurred over two days.  Trees were 
added to Baker1-T-Flat and Baker3-T on August 1, 2008 and to Baker1-T-
Steep on August 4, 2008.  The additions consisted of a woodcutter with a 
chainsaw cutting trees from the riparian zone (Figure 13) and dropping them 
into the brook.  Many of the trees were tall and caught up on the banks.  A 
simple fix to this problem is “junking” in which the tree is shortened to settle 
it closer to the stream (Figure 14A).  If junking did not work, these trees 
were flagged and moved on August 4, 2008 by MDMR researchers (Figure 
14B).  Most of the trees were dropped individually, creating jams similar to 
the digger logs placed in the Brierly Brook, Nova Scotia study.  An important 
difference here is that the trees did not have rootwads attached.  In certain 
cases, smaller (DBH < 15 cm) trees were in the path of the intended tree to 
42
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Figure 13: Photograph of Billy the woodcutter performing 
the chop-and-drop method.  Billy is adding a tree to 
Baker1-T-Steep.  Photograph taken August 4, 2008 at 7:56 
am by Noah Snyder.
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Figure 14: Photographs of Baker1 LWD addition.  (A) "Junked" portion 
of a tree added to Baker1-T-Flat on August 1, 2008. Photograph taken 
August 1, 2008 at 8:44 am by Liz Johnson. (B) Looking from right 
bank to left bank as MDMR, NOAA, and Boston College crew members 
move a tree added to Baker1-T-Flat on August 1, 2008.  Photograph 
taken August 4, 2008 at 9:02 am by Liz Johnson.
A. “Junked” Tree in Baker1-T-Flat
B. Moving Tree #79 out of Baker1-T-Flat
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be added.  The woodcutter cut these smaller trees first and then dropped the
intended tree on top of the smaller trees causing the smaller trees to settle 
closer to the riverbed.  After LWD addition, total station surveys were 
conducted in August 2008 and May 2009 to map the location of LWD.
Ecologic and biologic surveying was performed by the State of Maine 
Bureau of Sea-Run Fisheries and Habitat.  Prior to adding the LWD, surveyors 
flagged two electrofishing (e-fishing) in each study location, one in the 
control and one in the treatment reach.  In Baker1-T, the e-fishing site is just 
upstream of Baker1-T-Flat.  In Baker1-C, the e-fishing site is located 
between Baker1-C-Steep and Baker1-C-Flat and incorporates the most 
upstream end of Baker1-C-Flat.  Pre-treatment e-fishing was completed in 
July 2008.  The first post-treatment e-fishing was to be performed in August 
2009, however due to unexpected rain and high flows, it was postponed 
(Naumann, personal communication, 2009).
Section 2.2 Experimental Design
Section 2.2.1 Research Hypotheses
To answer the research questions proposed in section 1.2.5.5, I 
employed a variety of measurements both pre- and post-LWD addition.  I
conducted discharge and flow velocity measurements prior to and after the 
additions to assess changes in hydraulics.  I constructed detailed cross-
sections using total station surveys.  The substrate was characterized by 
analyzing pebble count data collected based on the methods of Wolman 
(1954) and Bevenger and King (1995).  Analysis of the data collected at 
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Baker Brook allows me to determine the hydraulic and geomorphic changes 
resulting from LWD additions.  Answers to my research questions developed 
through investigation of these five hypotheses.
1. In the treatment sub-reaches, at a given discharge and flow stage, 
post-LWD addition reach-average velocity (Ureach) will decrease 
compared to pre-LWD addition conditions.
2. In the treatment sub-reaches, post-LWD addition channel roughness, 
quantified by the Manning roughness parameter n, will increase 
compared to pre-treatment conditions.
3. In the treatment sub-reaches, post-LWD addition net fining of bed 
sediment will occur compared to pre-treatment conditions.
4. In the treatment sub-reaches, sediment storage and pooling will 
increase post-LWD addition as compared to pre-treatment conditions. 
5. In the control sub-reaches, no post-treatment changes in reach-
average velocity, channel roughness, sediment size and storage, or 
pooling will be observed compared to pre-treatment conditions.
Movement of the added LWD effects whether or not changes in 
velocity and sediment occur within the treatment sub-reaches.  If all of the 
added LWD washes out of the sub-reach no change will occur because no 
wood exists to interact with flow and sediment.  If the wood changes 
48
direction from perpendicular to parallel to flow, interaction with water and 
sediment is again limited and no change may be evident.  
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Chapter 3: Methods
To test my hypotheses I used a variety of methods. Geomorphic 
changes such as bed roughness was quantified through calculations of the 
Manning roughness coefficient (n) using total station survey data, whereas 
changes in sediment storage and spatial sorting were determined through 
analysis of pre- and post-treatment pebble count data.  Hydraulic changes 
were evaluated by calculating average velocities for each sub-reach using the 
salt dilution method and a velocity meter.
Section 3.1 Flow Stage Measurement
A stage gauge (Figure 15) was installed on the left bank of the most 
upstream portion of the Baker 1 control site in May 2008.  The stage gauge is 
a 100 cm long “ruler” that was placed 6 cm into the riverbed and secured by 
bolting it to the wooden abutment of an old stream crossing.  Each day in the 
field I recorded three stage measurements, one first arrival at site, one in 
mid-day (i.e. on lunch break), and a third at the end of the day.  Stages 
were then assigned to each flow measurement (both discharge and velocity) 
based on linear interpolation between the times at which stage readings were 
made.  Using these measurements along with calculated discharges and 
velocities, I constructed rating curves.
Section 3.2 Total Station Surveys
I mapped the Baker1 sub-reaches in July and August 2008 using a 
Leica TPS Total Station, which has a relative accuracy of 2 mm.  This 
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involved using a total station and prism to measure distances and elevations 
along each sub-reach.  These surveys consisted of mapping the left and right 
water surface and high-flow position, the thalweg, and the location of the 
ends of LWD within the channel.  During the thalweg survey water depth and 
substrate grain size were also recorded.  The downstream end of each sub-
reach was marked by rebar survey monuments (pins) on both the right and 
left bank.  A cross-sectional survey of the downstream end of each sub-reach 
was performed from left to right bank by stretching a tape measure from the 
left pin to the right pin.  Distances along the bank and across the channel at 
breaks in slope or every 2 m were measured.  In May 2009, I performed re-
surveys to document movement in LWD and changes along the downstream 
cross-sections of each sub-reach.  
A map of LWD locations was constructed from the surveys to 
document the movement (if any) of the added wood.  The thalweg survey 
was used to make detailed measurements of slope (S) of each sub-reach to 
be used in hydraulic calculations.
Section 3.3 Pebble Counts
Section 3.3.1 Method
Pebble counts were conducted in the Baker1 and Baker3 sub-reaches
to characterize the surficial grain size distribution of the streambed.  The 
method used was a zig-zag count developed by Bevenger and King (1995), 
which is a variation from the original pebble count method of Wolman 
(1954).  The Wolman (1954) method measures the intermediate (B) axis of 
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100 stones randomly chosen from a homogenous group of the streambed to 
produce grain size distribution curves for single geomorphic features 
(Kondolf, 1997).  The Bevenger and King (1995) method randomly samples 
the streambed in a zig-zag pattern, measuring the B-axis of as many stones 
as the counter deems necessary in a diagonal line along the riverbed.  This 
zig-zag method allows sampling of grain sizes over a variety of geomorphic 
units, and is used to compare particle size distributions, especially the fining 
of bed material, between reference (natural, undisturbed) and study 
(impacted, or disturbed) streams (Bevenger and King, 1995).
Each pebble count involved measuring the B-axis to the nearest mm of 
at least 500 clasts over each 50-m sub-reach to document geomorphic 
changes associated with LWD additions. The pre-LWD addition pebble counts, 
done in July 2008, further characterized the natural, undisturbed Baker 
Brook, whereas post-LWD addition counts, conducted in May 2009, provided 
the means for quantifying changes in bedload substrate.  Two of the Baker1 
sub-reaches (Baker1-T-Flat and Baker1-T-Steep) were analyzed by two 
counters and one scribe, while the other two lower sub-reaches (Baker1-C-
Flat and Baker1-C-Steep) were analyzed by one counter and one scribe.  The 
Baker3 sub-reaches (Baker3-C and Baker3-T) were analyzed by four 
counters and one scribe.  With four counters, two started at the downstream 
end of the reach and the other two started at the upstream end, with a 
person on each side of the river (Figure 16).
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A.
B.
Figure 16: Schematic of the zig-zag pebble count (Bevenger and King, 1995) 
performed in this study.  (A)  Method used in Baker1 sub-reaches  where 
"Counters" start at one of the banks.  (B) Method used in Baker3 sub-reaches 
where "Counters" start at banks and meet in middle of sub-reach (modified 
from Bevenger and King, 1995).
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For each pebble count, no matter how many “counters”, each person 
walked opposite diagonals at an approximate 45 degree angle to the opposite 
bank (i.e. the bank they were walking toward).  One of the challenges to this 
varied technique was the possibility of recounting the same stones with more 
than one counter involved.  To avoid this potential problem, pebbles were 
thrown upstream of the reach by counters at the upstream end and the 
downstream counters threw pebbles downstream of the reach.
Along with measuring the B-axis, I measured embeddedness of the 
grains.  There are a variety of definitions for embeddedness, but the most 
commonly used is the degree to which fine particles cover larger particles, 
and essentially represents the volume of fines surrounding coarse particles 
on a streambed surface (Burns, 1984; Burns and Edwards, 1985; MacDonald 
et al., 1991; Sylte and Fischenich, 2002; Sylte and Fischenich, 2007).  
Several methods (e.g., Burns, 1984; Burns and Edwards, 1985; Platts et al., 
1983; Skille and King, 1989), both visual and mathematical, can be used to 
measure embeddedness.  In this study, embeddedness was a qualitative 
measurement based on whether or not the stone could be taken from the 
bed easily, with some difficulty, or not at all.  If the pebble was easily 
removed the bed it was not embedded; if the pebble was removed from the 
bed with some difficulty it was regarded as partially embedded; and if the 
grain was not removed from the bed it was considered totally embedded.  
This simple method has some limitations.  The ease of removing a grain is 
dependent upon the counter.  Noticeable fine material rings on the pebbles 
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helped detect how embedded the grain was.  If a grain is embedded the fine 
grained (sometimes organic) material essentially stains the rock.  There is no 
way to really quantify the error in this measurement, so observed changes in 
embeddedness are not as important in characterizing the geomorphic 
changes due to added wood as changes in median grain size, which should 
be much more quantitative and robust. 
I chose the zig-zag method because I hypothesized that there would 
be a post-LWD addition net fining of bed material in the treatment sub-
reaches as compared to pre-treatment conditions.  I assess this change by 
comparing the treatment, or study, sub-reaches and the control, or 
reference, sub-reaches.  The treatment sub-reaches serve as the study 
stream defined by Bevenger and King (1995) because they are impacted by 
the addition of trees.  The control sub-reaches, however, are undisturbed, 
and serve as the reference stream.  Comparing the treatment and control 
sub-reaches also allowed me to quantify the error associated with both the 
method and pebble counting in general.  Sources of error include mis-
measurement (e.g. measuring the wrong axis, mis-estimation of large 
cobbles and boulders, etc.) and user bias (e.g. non-random measurement, 
preferentially measuring a certain size class, differences between multiple 
counters) (Bevenger and King, 1995; Kondolf, 1997).
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Section 3.3.2 Method Error Analysis
  
To calculate the error and bias within the pebble count method I 
calculated the median grain size (D50) for the different datasets collected by 
the counters at each sub-reach.  I used the D50 of each counter’s data set in 
each sub-reach to determine error and bias between counters (the operator 
error, or method uncertainty).  For each of the qualifying sub-reaches, I 
calculated the difference in D50 in units of phi () for the sub-reach by finding 
the absolute difference between the maximum and minimum D50.  Where 
possible (e.g., if the sub-reach was surveyed by more than two counters) I 
used double the standard deviation of the D50 values.  I then averaged these 
sub-reach differences to calculate the total operator error (Section 4.2, Table
5). 
I also created subsets of each counter’s data (1-in-k samples, 
Mendenhall et al., 2009) to assess the error and bias within a specific counter 
(counter error).  I calculated the total counter error in a similar manner as 
the operator error calculation, averaging the difference in maximum and 
minimum D50 values of each dataset (Section 4.2, Table 6).
Section 3.4 Hydraulic Measurements
Section 3.4.1 Reach-average Flow Velocity and Discharge via 
Salt Dilution
Average flow velocity and discharge were determined using the salt 
dilution method (Figure 17).  This method involves introducing a known 
amount of a tracer (salt) to the river at a known distance upstream from the 
57
Figure 17: Field photographs of the salt dilution method.  (A) Peter Snajczuk 
pouring mixed salt into Baker1-C-Flat at the introduction point.  Photograph 
taken July 19, 2008 at 1:43 pm by Liz Johnson.  (B) Conductivity probe 
placement in the brook.  The probe is placed along the downstream 
cross-section of the sub-reach in a riffle in the thalweg. Photograph taken 
July 19, 2008 at 12:44 pm by Liz Johnson.  (C) Liz Johnson taking notes as 
real-time conductivity, specific conductance, and temperature are recorded 
by the YSI Professional Plus conductivity meter and the toughbook field 
computer.  Photograph taken May 22, 2008 at 11:42 am by Noah Snyder.
A.
B. C.
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measuring point.  Salt was weighed using an OHAUS Scout Pro portable 
balance with a limit of 2 kg and a precision of 0.1 g.  The salt was added to a 
bucket and dissolved into Baker Brook water.   This solution was added to 
the brook at the upstream end of each sub-reach and the time was recorded.  
The salt mixes within the river water and travels downstream where a YSI 
Professional Series Pro Plus conductivity meter and probe measured the 
conductivity (Cond), specific conductance (SPC), and temperature (T) at set 
intervals of 5 seconds for low stage conditions and 2 seconds for high stage 
conditions.  The probe of the conductivity meter was always completely 
submerged and lying on the river bottom in the middle of the channel during 
each trial.
The data were then processed in the laboratory at Boston College to 
produce salt dilutions curves (Figure 18).  Differences in the shape of the salt
dilution curves between trials may occur because of incomplete mixing in the 
bucket prior to introduction to the brook.  The salt may not dissolve 
completely and when introduced it may fall to the bottom at the injection 
site.  In this case, less salt moves through the system during the trial, 
resulting in different values of peak SPC.  Differences in distance also have 
an effect on the shape of the salt dilution curve.  Distance was changed only 
to be able to run salt dilution trials.  At the low stages observed in early July 
2008 (Appendix A Table 3) salt dilution trials had to be performed over short 
distances to obtain any useable data because the tracer signal simply moved 
too slowly through the stream.  I also varied the mass of salt added
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depending on the stage of the brook where more salt was used for higher 
stages.  The mass of salt used for each trial affects the shape, particularly 
the height, of the salt curve.  The more salt introduced into the system, the 
higher the SPC measurements and the taller the curve.
The time from which the salt was introduced (tsalt,intro; red star on 
Figure 18) to the time of peak specific conductance (tpeak, green star on 
Figure 18) and the distance (d) over which the trial was run were used to 
determine the reach-average velocity (Ureach) (Equation 1).
Ureach = dtpeak tsalt ,intro       Equation 1 
The specific conductance values measured in the field were used to 
calculate values of salt concentration throughout the salt dilution trial.  The 
calculated concentration was then used to determine discharge.  To calculate 
the concentration of salt, calibration curves were made using Baker Brook 
water samples collected in the field, 1000 mL beakers, non-iodized salt, and 
an extremely precise Mettler Toledo AX205 Delta Range balance with a 
maximum weight of 81 g/220 g and a precision of 0.01 mg/0.1 mg.  The 
calibration values must be within the range of SPC values recorded in the 
field, therefore I used the peak SPC values of all the trials recorded as 
bounds for the calibration. Fifteen points were made by adding a range of 
salt masses to individual 1000 mL beakers.  First, water collected from Baker 
Brook was added to the beakers and the initial Cond, SPC and T were 
recorded.  Second, a range of salt masses were added to the beakers and 
mixed completely.  The final Cond, SPC, and T were recorded for each beaker 
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after the salt was added.  All calibration data for the June 2008, August 
2008, and June 2009 calibrations can be found in Tables 1, 2, and 3 in 
Appendix A.  The June 2008 calibration was performed with deionized (DI) 
water because I did not have sufficient amount of Baker Brook water to 
perform the calibration.  The June 2008 calibration was purely done to 
ensure that I could generate a calibration curve in the laboratory.  The 
August 2008 calibration was used for all calculations until the May 2009 
calibration was performed.
A plot of specific conductance versus concentration (Figure 19),
determined by dividing the mass of salt added by the volume of water in the 
beaker, was constructed.  A linear regression was fit to the data and the 
slope of this line was used as the calibration factor, k.  The background 
specific conductance (SPCB) for each trial at each sub-reach was determined 
by averaging the constant beginning portion of each salt dilution curve
(Figure 18).  The background concentration (CB) was calculated by 
multiplying SPCB by k (Equation 2).
CB = SPCB  k        Equation 2 
k was then multiplied by each measured specific conductance value (SPCM) to 
calculate the concentration of salt (CM) throughout the trial (Equation 3).
CM = k  SPCM        Equation 3 
The concentration of salt (Csalt) was determined by subtracting CB from CM
(Equation 4).
Csalt = CM  CB      Equation 4 
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measurement) to calculate salt concentration each time (Csalt,time, Equation 
5).
Csalt ,time = Csalt  t      Equation 5 
The reach-average discharge (Qsalt) was calculated using the mass of salt 
introduced (m) and the change in salt concentration over time (Csalt,time)
throughout the trial (Equation 6).
Qsalt = m	Csalt ,time 
      Equation 6 
Section 3.4.2 Cross-sectional Average Flow Velocity and 
Discharge via Flow Meter 
The average velocity was measured with a Marsh-McBirney Flow Meter 
at regular intervals along each cross section (at the downstream end of each 
sub-reach) each day salt dilution measurements were made and flow stage 
changed from previous measurements.  I stretched a tape from the left pin 
to the right pin, walked from left bank to right bank, and took measurements 
every 0.3 or 0.5 m along the tape creating small “boxes” across the cross 
section (Figures 20 and 21).  
I recorded three velocity measurements (Ubox1, Ubox2, and Ubox3) at 
4/10 of the flow depth at each 0.3 m or 0.5 m mark along the tape.  These 
values were then averaged together for each box (Equation 7).  I used 4/10 
because this is the accepted distance from the riverbed at which the mean 
velocity is approximated (Anderson and Anderson, in press).
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Ubox = Ubox 1+ Ubox 2+ Ubox 33       Equation 7
The cross sectional area of the box (A,box) was calculated by multiplying the 
width of the box (wbox) by the height of the box (hbox) (Equation 8).
A,box  = wbox  hbox        Equation 8 
Ubox was multiplied by A,box to calculate the discharge through each box 
(Qbox) (Equation 9).
Qbox =  Ubox  A,box       Equation 9
Cross-sectional average discharge (Qmeter) was determined by summing Qbox
along the cross section (Equation 10).
Qmeter =   Qbox       Equation 10 
Qmeter was divided by the cross sectional area (A,, determined by summing 
A,box along the cross section; Equation 11 to calculate the cross-sectionally 
averaged velocity, U,, (Equation 12).
A =   A,box        Equation 11 
U = QmeterA                                   Equation 12 
Section 3.4.3 Calculations of Channel Roughness
  Developed in 1889 by Irish engineer R. Manning, the Manning 
equation (Equation 13) is a semi-empirical equation describing open-channel, 
uniform flow where the water surface profile and energy gradient are parallel 
to the streambed, and fluvial parameters (area, hydraulic radius, and depth) 
remain constant (Barnes, 1967; Munson et al., 1990).  
U = 1n  R2 3 S1 2        Equation 13 
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where U is the mean velocity (m/s), R is the hydraulic radius (m) calculated 
based on cross-section surveys conducted while measuring velocity using the 
flow meter (Equation 14), S is the reach slope, and n is the Manning 
roughness coefficient or parameter (s/m1/3).  
R = AWP        Equation 14 
Although the Manning equation represents uniform flow, it is also used 
to characterize non-uniform flow observed in natural streams (Barnes, 
1967).  Non-uniform flow occurs in natural streams because various fluvial 
parameters impart forces on flow.
Channel roughness is a geomorphic parameter that describes the 
resistance imposed on water by the bed and bank surface of a river (Ritter et 
al., 2002).  The Manning roughness coefficient, n, represents the total 
resistance to flow that originates from a variety of sources related to the 
fluvial parameters and hydraulic characteristics used in its calculation (Ritter 
et al., 2002).  Rearranging equation 13 for n gives:
n = R2 3 S1 2U        Equation 15 
Typical values of the Manning roughness parameter for natural streams 
range from 0.02 in flat channels with smooth (finer grained) bed sediment to 
0.07 in steep, mountain channels with rough (coarse grained) bed sediment 
(Barnes, 1967).  For each sub-reach in my study, I used a constant slope 
determined from July 2008 total station thalweg surveys (Figure 11).  R, 
however, varied depending on wetted perimeter (Wp) and cross-sectional 
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area (A; Equation 14), which both depend on stage and changed throughout 
the study period.  I calculated two values of n, nreach and n using two values 
of average velocity Ureach and U For nreach, I assumed that R measured at 
the cross-section was representative of the reach. I calculated nreach and 
nfor observed pre- and post-treatment flows. 
Section 3.5 Hypothesis Tests
Section 3.5.1 Post-treatment Changes in Ureach
To test hypothesis #1 I calculated a mean and standard deviation of 
Ureach based on the three salt dilution trials performed each day at each sub-
reach (Tables 1, 4, 7, 10, 13, 16, 19 and 22 in Appendix C).  I compared 
Ureach calculated at similar stages for pre- and post-LWD conditions in two 
ways: (1) comparison of pre- and post-treatment Ureach measurement for the 
same stage, and (2) comparison of the relationship on a velocity-stage rating 
curve.  If the post-treatment values of Ureach show a large shift from the pre-
treatment relationship indicated by a regression curve fit to the pre-
treatment data, I can say that the wood is affecting velocity.  However, 
because of differences in flow stage conditions between pre- and post-
treatment, a change in Ureach may not be documented.  Due to weather 
conditions during the summer 2008 study period, pre-treatment 
measurements of Ureach were made during low flows whereas the immediate 
(e.g., days after LWD additions) post-treatment measurements were made at 
higher flows.
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I assessed whether treatment sub-reach changes in Ureach are 
significant by comparing them to changes in the control sub-reaches.  I do 
not expect to see changes between pre- and post-LWD addition 
measurements of Ureach in the control reaches because they did not receive 
any cut wood.  Variations between pre- and post-treatment Ureach
measurements in the control sub-reaches are a measure of the uncertainty
within the experiment.
Section 3.5.2 Post-treatment Changes in Channel Roughness
The hypothesis that post-treatment channel roughness will increase 
compared to pre-treatment conditions is a corollary to hypothesis #1.  This is 
the case because n is back-calculated using equation 15, and is thus 
inversely proportional to Ureach.  If Ureach does not change due to LWD 
additions, then the corresponding n value probably will not change.  
As with Hypothesis #1, I compared roughness (n)-stage rating curves 
for pre- and post-treatment conditions in both the treatment and control sub-
reaches.  I expected post-treatment values of n to be higher than pre-
treatment values in the treatment sub-reaches.  I did not expect to see 
changes in channel roughness in the control sub-reaches.  I conclude change 
occurs if the post-treatment trend in the n-stage rating curve differs from the 
pre-treatment trend in the treatment sub-reaches. 
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Section 3.5.3 Post-treatment Net Fining of Bed Sediment
This hypothesis allows me to assess real changes in grain size between 
the pre- and post-treatment surveys.  I can test this hypothesis by finding 
the statistical significance in the pebble count data collected using the zig-
zag method developed by Bevenger and King (1995).  
Pebble count data were collected before treatment in July 2008, and 
post treatment data approximately one year later in May 2009.  Over the 
length of the treatment sub-reaches, the May 2009 pebble count data should 
be finer than the July 2008 data.  Locally (i.e. in certain areas of a sub-
reach) there may be areas where the substrate coarsens due to scour, but
there should be net deposition throughout the treatment sub-reaches 
because Ureach should decrease and sediment storage should increase (Lester 
and Wright, 2008).  As with hypothesis #2, if Ureach does not decrease in the 
treatment reaches, then grain size should not change.  For grain size to 
change, bedload must move during the study interval, and should be 
documented in the pebble count surveys.  It is possible to observe sediment 
changes post-treatment in the treatment sub-reaches, even though a change
in Ureach may not be documented during the flows observed.  I also assess the 
significance of the pre- and post-treatment changes by comparing the 
treatment sub-reaches to the control sub-reaches.  Sediment size should 
remain relatively constant in the control reaches and variation constitutes the 
uncertainty of the experiment.
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I assessed the statistical significance of changes based on two criteria: 
(1) the calculated average method uncertainty (operator and counter error 
explained in section 3.2.2), and (2) a comparison of means test (z-test) 
between pre- and post-treatment survey samples.  Using the D50 in phi ()
units calculated for each sub-reach pre- and post-treatment and the operator 
error (Section 3.2.2), I determined if a change occurred in the median grain 
size.  I also performed a large sample (> 30, Mendenall et al., 2009) 
comparison of means z-test for pre- and post-treatment surveys for each 
sub-reach.  The z-tests show if the clast sizes collected pre-treatment differ 
significantly from those collected post-treatment.  All z-tests used 
measurements in phi () to acknowledge the log-normal distribution of grain 
sizes.  If the change in D50 calculated for each sub-reach is greater than the 
averaged operator error and the z-test produces p values less than 0.05, I 
can conclude that a significant change in grain size has occurred between 
pre-LWD addition and post-LWD addition.  
Section 3.5.4 Post-treatment Increase in Pooling and Sediment 
Storage
This hypothesis was tested in a more qualitative way.  I looked for and 
documented evidence of sediment deposition (e.g. gravel, pebble, and sand 
bars) adjacent to the placed LWD in the treatment sub-reaches.  I compared 
photographs of the treatment sub-reaches taken pre- and post-LWD 
treatment, as well detailed the treatment sub-reach noting wood placement, 
depositional and scour features, and pool formation to document these 
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changes.  If the treatment sub-reaches have more or larger depositional bars 
post-treatment than the control sub-reaches, the LWD is likely to be 
effectively storing sediment.
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Chapter 4: Results
Here I begin by assessing my hydraulic and geomorphic methods.  
Then I present results for each individual sub-reach discussing LWD 
placement and movement, velocity changes, channel roughness, and grain 
size.  When discussing pre-treatment data sets, I refer to data collected in 
May and July 2008.  Post-treatment data refers to that collected in August 
and October 2008 and May 2009.
Section 4.1 Methods Comparison for Hydraulic Measurements
One advantage of using two different hydraulic methods (salt dilution 
and flow meter) is that they provide a check on each other.  When measuring 
discharge, the two methods yield comparable results (Figure 22; 27/52 
points agree within error).  I expected the methods to measure the similar 
values for Q because it is controlled at any given reach by contributing 
drainage area and hydrology, not reach hydraulics.  No significant tributaries
enter the Baker1 study location, so the discharge should be approximately 
the same from sub-reach to sub-reach for any stage. 
For velocity the two methods yield similar results (Figure 23; 25/52 
points agree within error), but more scatter exists between the 
measurements.  The data are not strictly comparable because they measure 
average velocity over two different parts of the channel.  U is calculated 
using A, and measures the average velocity through a single cross-section.  
This measurement includes water traveling slowly near the banks, and faster 
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in the center of the channel.  Ureach measures the velocity of water traveling 
in the thalweg, or fastest route through the sub-reach.
Section 4.2 Grain size Error Analysis
The calculated operator error for the pebble count method is 0.22 phi 
(Table 5), calculated by averaging the change in median grain size in phi 
units.  The calculated counter error calculated in the same manner as the 
operator error is 0.18 phi (Table 6).
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Sub-Reach Counter D50 (mm) D50 (phi) 50 (mm) 50 (phi)
Baker1-T-Flat Peter (Count1) 46 -5.52 8 0.26
Peter (Count2) 43 -5.43
Noah 33 -5.04
Liz 33 -5.04
Baker1-T-Steep Noah 129 -7.01 9 0.10
Peter 138 -7.11
Baker3-T Liz 35 -5.12 8 0.24
Billy 47 -5.55
Adam 43 -5.43
David 33 -5.04
Baker3-C Liz 32 -5.00 18 0.54
Billy 63 -5.98
Adam 68 -6.09
David 39 -5.29
Baker1-T-Flat Adam 24 -4.59 1 0.05 
Steph 25 -4.64
Baker1-T-Steep Liz 61 -5.93 0 0.00
Adam 61 -5.93
Baker1-C-Flat Liz 42 -5.39 4 0.13
Steph 46 -5.52
Baker1-C-Steep Steph 83 -6.38 10 0.14
Adam 101 -6.66 
Ben N. 95 -6.57
Baker3-T Steph 33 -5.04 6 0.26
Billy 31 -4.95
Peter 40 -5.32
Noah 26 -4.70
Baker3-C Liz 22 -4.46 10 0.46
Billy 24 -4.59 
Adam 33 -5.04
Noah 44 -5.46
Operator Error 6 0.22
Table 5: Operator error results showing pre-treatment (highlighted in pink) and post-
treatment (highlighted in blue) median grain sizes for each counter for each sub-
reach.  The change in grain size is double the standard deviation for the sub-reach if 
more than two counters performed the survey.  Otherwise the difference between 
the two D50 	

50 are given in absolute values.  The operator error is the 


50. 
Sub-Reach Data Set D50 (mm) D50 (phi) 50 (mm) 50 (phi)
Baker1-T-Flat Count1 Column1 36 -5.17 2 0.08
Count1 Column2 38 -5.25
Baker1-T-Flat Count2 Column1 35 -5.13 6 0.23
Count2 Column2 41 -5.36
Baker1-T-Flat Peter (Count1) 
Column1
42 -5.39 6 0.25
Peter (Count1) 
Column2
50 -5.64 
Baker1-T-Flat Noah (Count1) 
Column1
33 -5.04 0 0.00 
78
Noah (Count1) 
Column2
33 -5.04
Baker1-T-Flat Peter (Count2) 
Column1
40 -5.32 6 0.20
Peter (Count2) 
Column2
46 -5.52
Baker1-T-Flat Liz (Count2) 
Column1
36 -5.17 6 0.26
Liz (Count2) 
Column2
30 -4.91
Baker1-T-Steep Column1 144 -7.17 17 0.18
Column2 127 -6.99
Baker1-T-Steep Peter Column1 161 -7.33 37 0.38
Peter Column2 124 -6.95
Baker1-T-Steep Noah Column1 126 -6.98 5 0.05
Noah Column2 131 -7.03
Baker1-C-Flat Column1 34 -5.09 0 0.00
Column2 34 -5.09
Baker1-C-Steep Column1 84 -6.39 9 0.15
Column2 93 -6.54
Baker3-T Column1 38 -5.25 1 0.04
Column2 37 -5.21 
Baker3-T Liz Column1 32 -5.00 6 0.32
Liz Column2 40 -5.32 
Baker3-T Adam Column1 44 -5.46 2 0.07
Adam Column2 42 -5.39
Baker3-T David Column1 30 -4.91 5 0.22
David Column2 35 -5.13
Baker3-T Billy Column1 50 -5.64 7 0.21
Billy Column2 43 -5.43
Baker3-C Column1 45 -5.49 7 0.21
Column2 52 -5.70
Baker3-C Liz Column1 30 -4.91 4 0.18
Liz Column2 34 -5.09
Baker3-C Adam Column1 64 -6.00 8 0.17
Adam Column2 72 -6.17
Baker3-C David Column1 37 -5.21 3 0.11
David Column2 40 -5.32
Baker3-C Billy Column1 65 -6.02 6 0.14
Billy Column2 59 -5.88 
Baker1-T-Flat Column1 25 -4.64 2 0.12
Column2 23 -4.52
Baker1-T-Flat Steph Column1 26 -4.70 2 0.11
Steph Column2 24 -4.59
Baker1-T-Flat Adam Column1 26 -4.70 6 0.38
Adam Column2 20 -4.32
Baker1-T-Steep Column1 59 -5.88 4 0.10
Column2 63 -5.98
Baker1-T-Steep Liz Column1 60 -5.91 2 0.04
Liz Column2 62 -5.95
Baker1-T-Steep Adam Column1 58 -5.86 6 0.14
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Adam Column2 64 -6.00
Baker1-C-Flat Column1 47 -5.55 5 0.16
Column2 42 -5.39
Baker1-C-Flat Liz Column1 45 -5.49 6 0.20
Liz Column2 39 -5.29 
Baker1-C-Flat Steph Column1 47 -5.55 5 0.06
Steph Column2 45 -5.49
Baker1-C-Steep Column1 92 -6.52 2 0.03
Column2 94 -6.55
Baker1-C-Steep Steph Column1 95 -6.57 20 0.34
Steph Column2 75 -6.23
Baker1-C-Steep Adam Column1 110 -6.78 19 0.27
Adam Column2 91 -6.51
Baker1-C-Steep Ben N. Column1 93 -6.54 4 0.06
Ben N. Column2 97 -6.60
Baker3-T Column1 33 -5.04 1 0.05
Column2 34 -5.09
Baker3-T Steph Column1 31 -4.95 5 0.22
Steph Column2 36 -5.17
Baker3-T Peter Column1 41 -5.36 3 0.11
Peter Column2 38 -5.25
Baker3-T Billy Column1 34 -5.09 4 0.23
Billy Column2 29 -4.86 
Baker3-T Noah Column1 28 -4.81 5 0.29
Noah Column2 23 -4.52
Baker3-C Column1 27 -4.75 2 0.11
Column2 29 -4.86
Baker3-C Liz Column1 22 -4.46 1 0.06
Liz Column2 23 -4.52
Baker3-C Adam Column1 36 -5.17 6 0.26
Adam Column2 30 -4.91
Baker3-C Billy Column1 22 -4.46 4 0.24
Billy Column2 26 -4.70
Baker3-C Noah Column1 37 -5.21 5 0.18
Noah Column2 42 -5.39
Counter Error 6 0.18
Table 6: Counter error results showing pre-treatment (highlighted in pink) and post-
treatment (highlighted in blue) median grain sizes for subsets of the individual 
counter data sets for each sub-$50) is 
the difference between the D50 of each counter’s subsets.  The counter error is the 


50.  All differences are given in absolute values.
The counter error is slightly smaller than the operator error, but 
overall the method is good to approximately two tenths of a phi.  This may 
also mean that more bias exists within the method than does within a 
specific counter’s dataset.  If the difference between two pebble counts is 
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greater than the operator error, real change occurs due to an outside factor,
regardless if bias exists within a counter’s dataset.  However, the operator 
error is not the only criteria used to determine significance (discussed in 
section 3.5.3).  My criteria for significance are when the change in grain size 
pre- to post-treatment is greater than the operator error (0.22 phi) and 
when the p-values for the z-tests between the two surveys is less than 0.05.
Section 4.3 Baker1-T-Flat
Baker1-T-Flat is located at the downstream end of the treatment reach 
nearest to the Narraguagus River confluence.  The sub-reach has a 0.72% 
slope determined from pre-treatment total station surveys (Figure 11).  The
downstream end of Baker1-T-Flat is at the downslope end of the glacial-
fluvial sediments confining Baker1.  The right bank is cut into the glacial-
fluvial sediments, and the valley is wider with Holocene alluvial deposits on 
the left side.  The substrate is mainly composed of sand to small cobbles.
Section 4.3.1 Large Woody Debris Placement and Movement
Prior to the additions, four pieces of woody debris existed in the 
Baker1-T-Flat sub-reach.  After additions, which occurred in the morning of 
August 1, 2008, fourteen pieces of woody debris existed in the channel, of 
which only six met the LWD criteria (many were smaller trees dropped along 
with the larger ones).  Pieces #79 to #84 were marked in this sub-reach and 
consist of both added and naturally placed trees.
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The post-treatment survey conducted May 19, 2009 showed that all 
pieces of LWD remained within the channel although some had shifted 
position (Figures 24 and 25).  Tree #79 was dropped in the cross-section 
August 1, 2008 and then moved just upstream on August 4, 2008.  The May 
2009 survey shows that the tree moved back into the middle of the cross-
section.  I do not know exactly when tree #79, or tree #80, moved within 
the channel, however I do know that they moved prior to the October 2008 
field session (Figure 25), most likely during the high flows experienced in 
September and October 2008 (Figure 8). 
The wood added in this sub-reach is in contact with the water during 
moderate flow-stage conditions and is therefore affecting the sub-reach.  
Because the banks of this sub-reach are not very steep, the trees lie in the 
water and on the bed surface.  Many of the tree branches are effectively 
sorting sediment by catching fine sands within the leaves still attached to the 
trees (Figure 26).  Other trees are effectively trapping debris and diverting 
flow around these tiny debris jams (Figure 26). 
Section 4.3.2 Velocity
I measured velocity at a variety of stages during my 10-month study 
period.  During the pre-treatment field session (July 2008) I observed low to 
moderate flows, whereas I observed higher flows immediately after LWD-
treatment (August 2008; Appendix 1 Table 4).  I observed post-treatment 
moderate flows during the October 2008 and May 2009 field sessions
82
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Figure 26: Photographic evidence of sediment sorting by branches in 
Baker1-T-Flat.  (A) Photograph of a bar of fine sediment deposited under a 
piece of woody debris.  Photograph taken May 21, 2009 at 12:50 pm by Liz 
Johnson.  (B)  Pebble to gravel sized clasts deposited instream just upstream 
of tree #80 in Baker1-T-Flat.  Photograph taken May 21, 2009 at 12:50 pm 
by Liz Johnson. 
A.  Baker1-T-Flat May 21, 2009 stage=33 cm 
B.  Baker1-T-Flat May 21, 2009 stage=33 cm 
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(Appendix 1 Table 4).  The hydraulic data presented for each sub-reach 
reflect the different flows observed.
No reach-average effect in reach-average velocity (Ureach) is evident 
(Figure 27).  A temporary decrease in Ureach is evident in the October 2008 
data point.  The October 2008 post-treatment data point plots below a May 
2009 post-treatment data point collected at a lower stage (30 cm versus 31 
cm, Figure 27).  It is also possible that the October 2008 data is on the same 
trend as the August 2008 higher flow data, but limited data prevent me from 
stating this conclusively.
In contrast, the post-treatment cross-sectionally averaged velocity 
(U)data (shown in green, red, and orange; Figure 28) plot well below the 
pre-treatment data (shown in blue; Figure 28).  This suggests that a local 
effect on velocity occurs in Baker1-T-Flat due to added wood in the sub-
reach.  The local effect is because tree #80 lies directly in the cross-section 
(Figure 26) where the post-treatment measurements were recorded.  As with 
Ureach, the October 2008 U data point plots lower than a May 2009 data point 
collected at a lower stage (30 cm versus 31 cm; Figure 28).
To further demonstrate the decreasing effect LWD had on U at 
Baker1-T-Flat, Table 7 compares U velocities collected at similar stages.
Pre-Stage
(cm)
Post-Stage
(cm)
Pre-Treatment 
U(m/s)
Post-Treatment 
U(m/s)
28.0 30.0 0.237 0.136
31.0 0.106
36.2 35.6 0.416 0.191
38.5 0.273
Table 7: Comparisons of pre- and post-treatment cross-sectionally 
averaged velocity at similar stages for Baker1-T-Flat.
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The stages are not exact matches, but they are within 2-3 cm of one 
another.  Indeed, the pre-treatment values were collected at stages lower 
than post-treatment and the pre-treatment U is still greater than the post-
treatment U. 
Section 4.3.3 Channel Roughness
The roughness (n)-stage trend showed no change pre- to post-
treatment (Figure 29).  Both rating curves show that channel roughness does 
not vary much with stage, except for the October 2008 data point.  An 
increase in roughness occurred in October 2008 because the data point plots 
higher than other values at similar stage.  The low velocity measured during 
this field session (Figures 27 and 28) accounts for the increase in roughness 
(Figure 29). 
Section 4.3.4 Grain Size
The median grain size of Baker1-T-Flat, resulting from the two 
combined pre-treatment pebble count surveys collected July 14, 2008 is 38
mm (-5.25 phi).  The post-treatment D50 determined from the survey 
collected May 20, 2009 is 24 mm (-4.59 phi; Figure 30; Table 9).  A 
difference of -14 mm (-0.66 phi) occurred between the two pebble count
surveys, indicating a fining of sediment in Baker1-T-Flat from pre- to post- 
treatment.  The fining in Baker1-T-&
	50 is greater 
89
Fi
gu
re
 2
9:
 R
ou
gh
ne
ss
-s
ta
ge
 r
at
in
g 
cu
rv
es
 f
or
 B
ak
er
1-
T-
Fl
at
. 
 (
A
) 
R
ea
ch
-a
ve
ra
ge
d 
ro
ug
hn
es
s 
(n
re
ac
h)
 v
er
su
s 
st
ag
e 
w
it
h 
da
ta
 s
et
s 
re
pr
es
en
ti
ng
 f
ie
ld
 m
ea
su
re
m
en
t 
se
ss
io
n 
pl
ot
te
d 
in
 c
ol
or
s.
  
(B
) 
C
ro
ss
-s
ec
ti
on
al
ly
 
av
er
ag
ed
 r
ou
gh
ne
ss
 (
n ⊥
) 
ve
rs
us
 s
ta
ge
 w
it
h 
da
ta
 s
et
s 
re
pr
es
en
ti
ng
 f
ie
ld
 m
ea
su
re
m
en
ts
 p
lo
tt
ed
 in
 c
ol
or
s.
2
5
3
0
3
5
4
0
4
5
5
0
5
5
6
0
0
0
.0
5
0
.1
0
.1
5
0
.2
0
.2
5
A
. 
R
e
a
ch
 R
o
u
g
h
n
e
ss
−
S
ta
g
e
n
reach
P
re
−
T
re
a
tm
e
n
t 
Ju
ly
 2
0
0
8
P
o
st
−
T
re
a
tm
e
n
t 
A
u
g
u
st
 2
0
0
8
P
o
st
−
T
re
a
tm
e
n
t 
O
ct
o
b
e
r 
2
0
0
8
P
o
st
−
T
re
a
tm
e
n
t 
M
a
y 
2
0
0
9
2
5
3
0
3
5
4
0
4
5
5
0
5
5
6
0
0
0
.0
5
0
.1
0
.1
5
0
.2
0
.2
5
0
.3
0
.3
5
n
⊥
B
. 
C
ro
ss
−
S
e
ct
io
n
a
l 
R
o
u
g
h
n
e
ss
−
S
ta
g
e
S
ta
g
e
 (
cm
)
90
no
=
93
6 
 %
ne
=
79
  
%
pe
=
15
  
%
te
=
6
m
=
-4
.8
4φ
  s
=
2.
29
φ 
 p
=
1.
85
x1
0-
15
no
=
26
8 
 %
ne
=
82
  
%
pe
=
9 
 %
te
=
10
m
=
-4
.1
9φ
  s
=
2.
51
φ 
 p
=
3.
19
x1
0-
6
Fi
gu
re
 3
0:
 P
eb
bl
e 
co
un
t 
pl
ot
 f
or
 B
ak
er
1-
T-
Fl
at
. 
 H
er
e 
no
 is
 t
he
 n
um
be
r 
of
 c
la
st
s 
in
 t
he
 s
ur
ve
y,
 %
ne
 is
 t
he
 
pe
rc
en
ta
ge
 o
f 
cl
as
ts
 n
ot
 e
m
be
dd
ed
, 
%
pe
 is
 t
he
 p
er
ce
nt
ag
e 
of
 c
la
st
s 
pa
rt
ia
lly
 e
m
be
dd
ed
, 
%
te
 is
 t
he
 
pe
rc
en
ta
ge
 o
f 
cl
as
ts
 t
ot
al
ly
 e
m
be
dd
ed
, 
m
 is
 t
he
 m
ea
n 
gr
ai
n 
si
ze
, 
s 
is
 t
he
 s
ta
nd
ar
d 
de
vi
at
io
n,
 a
nd
 p
 is
 t
he
 
z-
te
st
 r
es
ul
t.
<
2
2
4
8
1
6
3
2
6
4
1
2
8
2
5
6
5
1
2
1
0
2
4
05
0
1
0
0
1
5
0
si
ze
 c
la
ss
 (
m
m
)
number of clasts
B
a
k
e
r1
−
T
−
Fl
a
t 
P
re
−
 a
n
d
 P
o
st
−
T
re
a
tm
e
n
t 
P
e
b
b
le
 C
o
u
n
t 
S
u
rv
e
y
2
4
8
1
6
3
2
6
4
1
2
8
2
5
6
5
1
2
1
0
2
4
01
6
5
0
8
4
1
0
0
g
ra
in
 s
iz
e
 (
m
m
)
cumulative percent finer
Ju
ly
 1
4
, 
2
0
0
8
M
a
y 
2
0
, 
2
0
0
9
91
than the operator error and the comparison of means z-test p-values are 
much less than 0.05 (Table 8). 
The total number of clasts not embedded increased from 79% pre-
treatment to 82% post-treatment (Table 9 and Figure 30).  The percentage 
of partially embedded clasts decreased as well.  The percentage of totally 
embedded clasts increased from 6% pre-treatment to 10% post-treatment.
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Section 4.4 Baker1-C-Flat
Baker1-C-Flat is located at the bottom of the control reach, and is the 
only sub-reach that contains a bend (Figure 7).  The sub-reach has a 0.67% 
slope (Figure 11).  The upstream portion of the sub-reach is straight and 
composed of small to large cobbles, and the downstream end is located just 
upstream of a bifurcation.  At low flow conditions the bifurcation causes 
pooling at the cross-section.  The riparian vegetation present consists of 
poison ivy colonizing the exposed gravel bars on the right bank.  The 
majority of bed material observed at the downstream portion of the sub-
reach is pebble to small cobbles.  
Section 4.4.1 Large Woody Debris Movement
Three pieces of LWD existed in this sub-reach as surveyed with the 
TPS total station on July 27, 2008 (Figure 31 and 32).  However, the post-
treatment total station survey performed May 19, 2009 showed one piece of 
LWD in the sub-reach.
Baker1-C-Flat is located just upstream of a bifurcation, which 
consisted of several pieces of wood at the upstream edge of the bifurcation 
as well as on the island formed by the bifurcation.  Observations during data 
collection note that the wood at the upstream end of the bifurcation 
appeared to increase in number from July 2008 to May 2009 (Figure 32C).
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Section 4.4.2 Velocity
At Baker1-C-Flat, as expected, Ureach and U increases as stage 
increases (Figure 33 and 34).  No change in these trends is evident between 
pre-treatment (July 2008) and post-treatment (August and October 2008 
and May 2009) data collections.  A bit of scatter exists in the Ureach pre-
treatment data with two points plotting above the monotonic trendline
(Figure 33).  October 2008 and May 2009 data plot within the scatter of the 
pre-treatment points, indicating no change in Ureach and U at overlapping 
stages. 
Section 4.4.3 Channel Roughness
Along with no reach-average change in velocity, I expected to observe 
no change in channel roughness.  Both roughness rating curves follow a 
similar trend in that as stage increases roughness decreases (Figure 35).  
Post-treatment nreach and n (green, red, and orange) plot slightly above the 
pre-treatment data point (blue; Figure 35), indicating that low-flow 
roughness increased.  Because of low flow conditions and malfunctions with 
the Marsh McBirney flow meter, only one pre-treatment data point exists for 
Baker1-C-Flat.  Only one October 2008 post-treatment data point exists 
because the stage did not change during this short field session, and multiple 
measurements were made only when stage changed.  Because of the lack of 
overlapping pre- and post-treatment data points, it is difficult to determine 
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whether the post-treatment n-stage relationship changed from the pre-
treatment conditions.
Section 4.4.4 Grain Size
Baker1-C-Flat shows significant change in median grain size (Table 9 
and Figure 36).  Pre-treatment pebble count survey data collected July 18, 
2008 at a stage of 9 cm showed the median grain size to be 34 mm (-5.09
phi).  The median grain size calculated from the post-treatment pebble count 
survey collected May 20, 2009 at a stage of 36 cm is 44 mm (-5.46 phi).  
The sub-reach experienced coarsening, a change in D50 of 10 mm (0.37 phi).  
The change in grain size is significant because it is greater than the operator 
error, 0.22 phi, and the z-test p-values between the two surveys are less 
than 0.05 (Table 8).  
Embeddedness changed in this reach as well (Table 9 and Figure 36).  
The percentage of clasts not embedded decreased from 91% pre-treatment
to 79% post treatment.  However, the percentage of clasts totally embedded 
increased from 2% to 5%.  The reason for the large change in the clasts not 
embedded is the increase in partially embedded clasts, which changed from 
7% to 16%.
Section 4.5 Baker1-T-Steep
Baker1-T-Steep is a 50-m-long confined section of Baker1 with steep 
banks (Figure 7) and bed sediment composed of large cobbles and boulders 
and some bedrock.  The sub-reach has a gradient of 2.3% (Figure 11), and is 
101
no
=
52
1 
 %
ne
=
91
  
%
pe
=
7 
 %
te
=
2
m
=
-4
.7
3φ
, 
s=
1.
88
φ,
 p
=
6.
82
x1
0-
16
Fi
gu
re
 3
6:
 P
eb
bl
e 
co
un
t 
pl
ot
 f
or
 B
ak
er
1-
C
-F
la
t.
  
H
er
e 
no
 r
ef
er
s 
to
 t
he
 n
um
be
r 
of
 c
la
st
s 
in
 t
he
 s
ur
ve
y,
 %
ne
 is
 
th
e 
pe
rc
en
ta
ge
 o
f 
cl
as
ts
 n
ot
 e
m
be
dd
ed
, 
%
pe
 is
 t
he
 p
er
ce
nt
ag
e 
of
 c
la
st
s 
pa
rt
ia
lly
 e
m
be
dd
ed
, 
%
te
 is
 t
he
 
pe
rc
en
ta
ge
 o
f 
cl
as
ts
 t
ot
al
ly
 e
m
be
dd
ed
, 
m
 is
 t
he
 m
ea
n 
gr
ai
n 
si
ze
, 
s 
is
 t
he
 s
ta
nd
ar
d 
de
vi
at
io
n,
 a
nd
 p
 is
 t
he
 
re
su
lt
 o
f 
th
e 
z-
te
st
. 
no
=
26
0 
 %
ne
=
79
  
%
pe
=
16
  
%
te
=
5
m
=
-5
.2
7φ
, 
s=
1.
52
φ,
 p
=
4.
23
x1
0-
6
<
2
2
4
8
1
6
3
2
6
4
1
2
8
2
5
6
5
1
2
1
0
2
4
02
0
4
0
6
0
8
0
si
ze
 c
la
ss
 (
m
m
)
number of clasts
B
a
k
e
r1
−
C
−
Fl
a
t 
P
re
−
 a
n
d
 P
o
st
−
T
re
a
tm
e
n
t 
P
e
b
b
le
 C
o
u
n
t 
S
u
rv
e
y
2
4
8
1
6
3
2
6
4
1
2
8
2
5
6
5
1
2
1
0
2
4
01
6
5
0
8
4
1
0
0
g
ra
in
 s
iz
e
 (
m
m
)
cumulative percent finer
Ju
ly
 1
8
, 
2
0
0
8
M
a
y 
 2
0
, 
2
0
0
9
102
the steepest of the Baker1 sub-reaches.  Gravel and pebble bars form on the 
“high-flow” banks behind larger boulders.  Large pieces of bedrock confine 
the channel at the downstream cross-section. 
Section 4.5.1 Large Woody Debris Movement
MDMR added trees to Baker1-T-Steep August 4, 2008.  Prior to the 
addition, five trees existed in the channel (Figures 37 and 38).  After the 
addition eleven total trees existed in the channel.  Not all of these trees were 
surveyed in as LWD because many of the smaller trees added did not meet 
the 15 cm DBH and 2 m length requirements.  Three groups of trees were 
observed in the sub-reach, and of the 11 total trees, five were surveyed and 
tagged by the MDMR LWD survey crew (#96 to #100).  Some of the tagged 
trees were added to the brook and some were already in place.
Little treatment wood remained in Baker1-T-Steep, at the time of the 
post-treatment survey on May 19, 2009 (Figures 37 and 38).  Three pieces, 
#100, #99, and #97 were still located in the channel, compared to the five 
surveyed after the additions.  Trees #100 and #99 remained in their 
dropped, however tree #97 moved from spanning the channel to a position 
at the downstream cross-section parallel to stream flow near the right bank.  
These surveyed locations are similar to observations during the October 2008 
field session, where tree #97 was noted to be located at the downstream 
cross-section near the right bank (Figure 38C).
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During a treatment reach walkthrough, I observed trees #98 and #96, 
as well as a few un-numbered pieces, downstream of the Baker1-T-Steep 
cross-section forming a v-shape.  It is hard to determine whether the un-
numbered pieces are members from the sub-reach, but only three of the 11 
pieces are left in Baker1-T-Steep, so it stands to reason that the un-
numbered trees are from the sub-reach.  Further visual documentation of the 
changes in Baker1-T-Steep is shown in the photographs taken during each 
field session (Figure 38).
Section 4.5.3 Velocity
Average velocity did not change after adding LWD to Baker1-T-Steep 
(Figures 39 and 40).  Ureach and U increase as stage increases, and post-
treatment data plot along a similar trend to the pre-treatment data.  The two 
datasets overlap around stages from 30-35 cm.
Section 4.5.3 Channel Roughness
At Baker1-T-Steep, nreach and n decrease with increasing stage (Figure 
41).  Overlapping data points occur at similar pre- and post-treatment stages 
in Figure 41A.  In both rating curves, the post-treatment data points line up 
fairly well with pre-treatment data points suggesting no change between pre- 
and post-treatment values of roughness, which is consistent with the velocity 
results for this sub-reach. 
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Section 4.5.4 Grain Size
The median grain size determined from the pre-treatment pebble 
count survey is 134 mm (-7.07 phi).  After treatment, the median grain size 
is 61 mm (-5.93 phi), indicating a major decrease from pre to post-
treatment.  D50 changed by -77 mm (-1.14 phi) in Baker1-T-Steep, indicating 
significant fining because the change is greater than the operator error, and 
the z-tests produce p-values less than 0.05 (Table 8 and Figure 42).  The 
post-treatment pebble count survey (in green) shows more abundant sand 
(<2 mm) than the pre-treatment survey (in blue; Figure 42A).
Embeddedness decreased in Baker1-T-Steep.  The percentage of 
grains not embedded increased from 62% pre-treatment to 80% post-
treatment.  Both the percentage of partially embedded and totally embedded 
grains decreased from pre-treatment to post-treatment (Table 9 and Figure 
42).
Section 4.6 Baker1-C-Steep
Baker1-C-Steep is located at the upstream end of the control sub-
reach just downstream of the installed stage gauge (Figure 7).  The sub-
reach has similar morphology to Baker1-T-Steep (Figure 12).  The channel is
straight and confined with a 1.9% gradient (Figure 11).  The bed is 
composed mostly of small to large cobbles, small boulders, and some 
bedrock.
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Section 4.6.1 Large Woody Debris Movement
As a control sub-reach, Baker1-C-Steep did not receive any cut wood 
during the LWD additions on August 1 and 4, 2008.  Large woody debris 
existed within this 50 m stretch of Baker1 both before and after the LWD 
additions occurred (Figures 43 and 44).  Four of the five pre-existing pieces 
still existed in Baker1-C-Steep in May 2009, although in different locations 
than the pre-treatment survey (in purple, labeled A, B, C, and E; Figure 43).  
The piece labeled D in the pre-treatment survey (in red; Figure 43) washed 
out of the channel.  The post-treatment survey showed three new pieces 
(labeled F through H; Figure 43) in the middle of the sub-reach, which must 
have entered the sub-reach after the October 2008 field session. 
Section 4.6.2 Velocity
The post-treatment Ureach and U data plot on approximately the same 
trend as the pre-treatment U-stage data (Figures 45 and 46) suggesting that 
no change in average velocity occurred in Baker1-C-Steep.  Scatter in the 
data seems to be largest in U collected in May 2009 (in orange; Figure 46),
which is modeled by a negative linear regression.  However, the regression 
fit to the data is not significant (low r2, high p-value; Figure 46), and is most 
likely because little variation in U (and lots of uncertainty) exists in the 
dataset. 
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Section 4.6.3 Channel Roughness
Baker1-C-Steep roughness does not change through time, which is 
consistent with the velocity data presented in the previous section.  Both n-
stage relationships show a decreasing trend with increasing stage (Figure 
47), but nis generally larger and more variable than nreach, which is 
consistent with velocity data.  Only one pre-treatment n data point exists 
because of low flow conditions and malfunctions with the flow meter during 
the pre-treatment field session.  
Section 4.6.4 Grain Size
The median grain size calculated from the pre-treatment pebble count 
survey collected July 18, 2008 at a stage of 9 cm was 88 mm (-6.46 phi).  
The post-treatment pebble count survey collected May 19 at a stage of 37 cm 
resulted in a median grain size of 93 mm (-6.54 phi).  A change in D50 of 5 
mm (0.08 phi) exists between the pre-treatment and post-treatment surveys 
(Table 9 and Figure 48).  Z-tests performed for these two surveys result in p-
values greater than 0.05 (Table 8 and Figure 48), therefore insignificant 
coarsening occurred in Baker1-C-Steep.
Embeddedness changed in Baker1-C-Steep where the percentage of 
clasts not embedded decreased from 80% to 71% (Table 9 and Figure 48).
Section 4.7 Baker3-T 
Located at 2.57 km upstream from the Narraguagus River confluence, 
Baker3-T is low-gradient (0.43-0.74% from LiDAR DEM data; Figure 7) with 
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a fine substrate consisting of fine to medium sand, some gravel and a few 
cobbles and boulders at the upstream end (2.62 km).  The downstream end 
of the sub-reach is in the middle of a right bend (Figure 7). 
Nineteen total LWD pieces, tagged 56 to 74, existed in the entire 
Baker3 treatment reach in 2008.  Of the 19 pieces, four were pre-existing 
pieces and 15 were added on August 4, 2008.  The 2009 survey showed two 
new pieces (tag numbers 87-88) entered the Baker3 treatment reach, 
totaling 21 tagged LWD pieces (Naumann, personal communication, 2009).  
Within the Baker3-T sub-reach, one pre-existing piece of LWD existed in July 
2008.  Six pieces were added in August 2008, totaling seven pieces of LWD
(tag numbers 67-74).  In May 2009, the same seven pieces existed in the 
channel, with pieces #72-74 forming a log jam.
Section 4.7.1 Grain Size
  
The median grain size from the pre-treatment survey collected July 20, 
2008 is 38 mm (-5.25 phi).  The median grain size of the post-treatment 
survey collected May 21, 2009 is 33 mm (-5.04 phi).  A total change of -5 
mm (-0.21 phi) occurred between the pre- and post-treatment survey (Table 
8; Figure 49) indicating a slight fining of grain size.  The z-test between the 
pre- and post-treatment surveys results in p-values greater than 0.05 (Table 
8; Figure 49).  This fining is potentially significant because even though the 
z-tests shows the two surveys are not significantly different from one another
120
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(high p-
	'50 is approximately equal to the operator error,
therefore one of the two significance criteria is met (Table 8).
Embeddedness changed slightly in Baker3-T (Table 9; Figure 49).  The 
percentage of grains not embedded decreased by one percent from pre-
treatment to post-treatment (86% to 85%). 
Observations during a post-treatment walkthrough of Baker3-T
revealed several areas of sediment sorting.  Fine sands became trapped in 
the branches of several of the LWD pieces in the treatment sub-reach, 
indicating that the branches probably intercept and slow flow, causing it to 
drop and deposit the fine sediment.
Section 4.8 Baker3-C 
Baker3-C is the most upstream sub-reach and has a similar gradient
(0.41-0.69% from LiDAR DEM data; Figure 7) to Baker3-T.  The in-channel 
substrate is coarse and consists of more cobbles and boulders, whereas the 
banks contain sand, gravel, and pebbles.  The channel is quite narrow, 
especially at the bottom of the sub-reach, which is upstream of a pool near a 
left bend (Figure 7). 
No pre-existing pieces of LWD were observed in Baker3-C in July 
2008.  Because it is a control sub-reach, it also did not receive cut wood 
during the August 2008 LWD additions.  During the post-treatment survey in 
May 2009, no LWD was observed (Naumann, personal communication, 
2009).
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Section 4.8.1 Grain Size
The median grain size changed from 48 mm (-5.59 phi) on July 20, 
2008 to 28 mm (-4.81 phi) on May 21, 2009, a decrease of 20 mm (0.39
phi; Table 9; Figure 50).  The z-test between the pre- and post-treatment 
survey results in p-values much less than 0.05 (Table 8; Figure 50), 
indicating the two surveys are significantly different from one another, 
therefore the fining in Baker3-C is significant because the two criteria are 
met.
Embeddedness changed slightly during the study; the percentage of 
grains not embedded decreased by 2% from 83% to 81% (Table 9).
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Chapter 5: Discussion
Here I use the overall results of this study (Table 10) to address the 
three research questions proposed in section 1.2.5.5.  First, I discuss these 
answers, and then the implications of this study for Atlantic salmon habitat in 
Baker Brook and in general.
  Changes Pre- to Post-Treatment
Sub-Reach Ureach U nreach n D50
Baker1-T-Flat Decreased
October 
2008, 
otherwise 
no change
Decreased Increased 
October 
2008, 
otherwise no 
change
Increased 
October 
2008, 
otherwise no 
change
Significant 
Fining (37%
decrease) 
Baker1-T-Steep No change No change No change No change Significant 
Fining (54%
decrease)
Baker1-C-Flat No change No change Possible 
slight 
increase 
Possible 
slight 
increase
Significant 
Coarsening 
(29%
increase)
Baker1-C-Steep No change No change No change No change Insignificant 
Coarsening 
(6%
increase)
Baker3-T N/A N/A N/A N/A Insignificant 
Fining (13%
decrease)
Baker3-C N/A N/A N/A N/A Significant 
Fining (42%
decrease)
Table 10: Summary of overall sub-reach pre- to post-treatment changes in reach-
average and cross-sectionally averaged velocity (Ureach and U), reach-average and 
cross-sectionally averaged channel roughness (nreach and n), and median grain size 
(D50). Pre-treatment data are from May and July 2008; post-treatment data are from 
August and October 2008 and May 2009.
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Section 5.1 Research question: (1) how much does mean 
velocity change through the reaches due to added LWD?
To answer this research question, I hypothesized that the Ureach in the 
treatment sub-reaches should decrease after treatment as compared to pre-
treatment conditions, because of the added roughness caused by the LWD.  
Conversely, the control sub-reaches should not exhibit a change in Ureach
because no wood was added.  
The results corroborate expectations for the control sub-reaches.  I
observed no change in Ureach in Baker1-C-Flat and Baker1-C-Steep (Figures 
33 and 45).  The results do not corroborate the hypotheses for the treatment 
sub-reaches (Figures 27 and 39).  I expected Ureach to change the most in 
Baker1-T-Flat because of the low gradient and the amount of interaction the 
added trees had with the water.  Although I did not observe significant 
changes from pre- to post-treatment, a temporary decrease in Ureach occurred 
in October 2008 (Figure 27). 
The October 2008 post-treatment Ureach data point plots below values 
collected in May 2009 at lower stages (Figure 27), indicating that the trees
were possibly interacting with the flow at that time.  By the October 2008 
field session, tree #80 already moved back into the cross-section, which is 
where the conductivity probe was placed to be consistent with field 
measurements in July and August 2008.  The placement of the probe within 
tree #80 in the cross-section could account for the decreased Ureach observed,
however a better explanation may involve the season when I performed field 
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measurements.  More leaf litter and branches were present in the channel in 
October because of the fall season, allowing leaves to accumulate upstream 
of added logs forming debris jams; a pool formed just downstream of the 
Baker1-T-Flat cross-section due to leaf litter caught by trees #75 and #76 
(Figure 25C).  The leaf debris jams formed may have caused more water-
wood interaction.  I observed more leaves on the branches of the added 
trees in October 2008, which may have caused more water-wood interaction 
as well.  The October 2008 data point also seems to plot on a similar trend 
with the August 2008 data (Figure 27), suggesting that the wood may have 
interacted with the water from August to October.  The May 2009 data points 
do not show a change in Ureach compared to pre-treatment data (Figure 27).  
The accumulated branches and leaves within the channel, as well as the 
leaves on the added trees, were most likely stripped by the May 2009 field 
session during winter and spring high flows, and many of the trees moved
(Figure 24), thus decreasing the wood-water interaction in the sub-reach.
No documented change in Baker1-T-Steep occurred because most of 
the LWD washed out of the sub-reach, and the remaining LWD has little 
contact with the water (Figures 37 and 38).  It is possible that a change in 
Ureach occurs in both treatment sub-reaches at higher stages when water 
interacts more with the LWD, but I cannot evaluate this because of the lack 
of pre-treatment data at high stage.  The short study period and limited data 
at higher flows when the wood is most likely to affect velocity and sediment 
transport limit the hydraulic analysis in the treatment sub-reaches.  With a 
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longer study period I would have observed and collected pre-treatment data 
at higher stages, which would have provided me with a more complete 
analysis of the water-wood interaction at Baker Brook.
During the study period, Baker1-T-Flat is the only sub-reach to show a 
change in cross-sectional velocity (U).   A localized decrease in Uoccurred 
(Figure 28) because the top of an added tree (#80) lies directly in the cross-
section (Figures 24 and 25).  As mentioned, this tree was moved upstream 
during the LWD additions (Figure 14B), but moved back into the cross-
section during the high flows in September and October 2008 (Figure 24).  If 
the tree had not moved, I do not think a change in Uwould have been 
noticeable in Baker1-T-Flat.  The effect observed here is similar to results 
observed by Lester and Wright (2008).  In that study, decreased maximum 
velocity occurred only in treated reaches along individual transects where 
added LWD either intersected or remained in contact with the water just 
upstream of the transect (Section 1.2.5.3).
Without water contact, the wood cannot affect the hydraulics.  At low 
stage, the only contact the added wood made with Baker Brook was through 
branches.  Observations in August 2008, at high stage (greater than 40 cm; 
Appendix A Table 4), showed the LWD notably within the water.  Therefore,
higher flow stages may be needed to show a change in reach-average 
velocity, but this is hard to conclusively say because I was unable to compare 
pre- to post-treatment data at overlapping high flow stages.  Floods can 
potentially wash LWD out of the channel, resulting in an adverse affect of 
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adding LWD.  The May 2009 total station survey showed that less wood 
remained in Baker1-T-Steep than was added in August 2008 (Figure 37).  
High flows, greater than those observed in August 2008, occurred in the 
Narraguagus watershed during the study period (Figure 8).  Presumably
these events washed away most of the added wood.  The steep banks 
confining Baker1-T-Steep (Figure 12D) also prevented the added LWD from 
settling into the channel, contributing to less permanent structures.  This 
instability may have contributed to the ease with which the LWD was washed 
out during floods. 
With time, the wood settles and stabilizes itself in the channel, 
potentially interacting more with flow.  Because of limited wood-water 
contact, and the washing out of Baker1-T-Steep LWD, I do not think the 
wood stabilized enough in the time between addition in August 2008 and 
post-treatment measurement in May 2009.  The wider channel in Baker1-T-
Flat allowed for more stable wood in the sub-reach after treatment than in 
Baker1-T-Steep because the wood temporarily reduced Ureach in October 2008 
and the branches of tree #80 affected Umeasurement along the cross-
section.
Section 5.2 Research question: (2) how much does channel 
roughness change through the reaches due to added LWD?
I use the Manning roughness parameter, n (Equation 15) to quantify 
roughness in each sub-reach.  I hypothesized that n should increase after 
treatment in the treatment sub-reaches because of the addition of LWD, but 
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no change should occur in the control sub-reaches as compared to pre-
treatment conditions.
Most commonly, calculated values of n are measured at bankfull, and 
characterize the boundary resistance, or grain roughness, resulting from the 
movement of water over clasts and other objects (such as wood) on the 
channel bed and banks (Ritter et al., 2002).  This is the roughness value I 
calculate for each sub-reach based on my two measured values of velocity, 
Ureach and U.  As seen in this study, the Manning roughness parameter, n, is 
often observed to decrease as stage (water depth) increases because U 
increases and the flow becomes more efficient (Ritter et al., 2002).  
For each sub-reach I calculated two values of n using a single value
slope (S, measured in July 2008; Section 3.4.3).  In all n calculations, the 
value of the hydraulic radius, R, used was calculated at the cross-section and 
for nreach it was assumed to be constant for the entire sub-reach.  Therefore, 
n is the best estimate of the channel roughness, albeit only at a single 
location in each sub-reach.  The values of n are mostly influenced by changes 
in velocity (U or Ureach), even though R does not remain constant between
surveys.  Back calculations of n are not particularly sensitive to variations in 
R and S because both quantities are raised to powers less than one, unlike
velocity (Equation 15).
In all Baker1 sub-reaches nis greater than nreach (Figures 29, 35, 41, 
and 47).  The reason for the difference is because Ureach measures the 
velocity of the water in the thalweg (Figure 23), which is least affected by 
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roughness.  The n-stage results generally follow the velocity results because 
I back-calculated n based on velocity (Equation 15), so the sub-reaches that 
did not show change in velocity after treatment are unlikely to show change 
in roughness.  
I expected an increase in the n values calculated from the post-
treatment (August and October 2008 and May 2009) values of Uat Baker1-
T-Flat because of the notable decrease in velocity (Figure 28) and the 
existing tree in the cross-section.  Other than the outstanding October data 
point, no distinct trend, and very little variation, is evident in the n-stage 
rating curves, indicating that the roughness is not changing significantly with 
flow depth (July 2008, August 2008, and May 2009 data points; Figure 29).  
The October 2008 nreach and n data points plot higher because U values for 
that day are low (Figures 27 and 28).  
Because I observed no changes in Ureach or U at Baker1-T-Steep, nreach
and n should not change either.  The n-stage rating curves for Baker1-T-
Steep show no change in the post-treatment trend as compared to pre-
treatment conditions (Figure 41).  A noticeable decreasing trend is evident in 
the two n-stage rating curves (Figure 41), indicating increasing flow 
efficiency (decreasing influence of roughness elements) with flow depth. 
I expected no roughness changes to occur in either of the Baker1 
control sub-reaches because no wood was added.  No change in velocity was 
observed in either Baker1-C-Flat or Baker1-C-Steep, therefore no change in 
roughness should have occurred.  The n-stage rating curves for Baker1-C-
131
Flat (Figure 35) and Baker1-C-Steep (Figure 47) show a distinct decrease in 
roughness with increasing stage, similar to Baker1-T-Steep.  The Baker1-C-
Flat post-treatment values plot somewhat higher than the pre-treatment data 
(Figure 35), indicating a possible slight increase in post-treatment roughness
at moderate flow stages.  The Baker1-C-Steep relationship shows no clear 
change (Figure 47).  The possible slight increase in roughness in Baker1-C-
Flat corroborates the significant coarsening within the sub-reach (Table 9) 
because coarser grains produce more resistance to flow (Ritter et al., 2002).
The roughness values calculated for the Baker1 sub-reaches are 
generally higher than typical n values for natural streams as shown in Barnes 
(1967).  The calculated values vary from 0.01-0.7 for each of the sub-
reaches (Figures 29, 35, 41, and 47).  The observed ranges of n (particularly 
at high stage) are similar to those calculated for mountainous streams with 
bed sediment composed of boulders and bedrock.  The calculated values of 
nreach and n do not fully characterize the roughness in the Baker1 sub-
reaches, especially Baker1-T-Flat and Baker1-T-Steep, because I lack pre-
treatment measurements at high stage.  As mentioned previously, n 
decreases with increasing stage because velocity increases and flow becomes 
more efficient.  Increased flow stage causes water to take a less treacherous 
path through the channel, whereas low flow forces water to maneuver 
through interstices between and over bed sediment.  Observations at Baker 
Brook showed that water-wood interaction occurred most during high flows in 
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August 2008, therefore effects on roughness would probably best be 
quantified through comparisons with pre-treatment high-flow data.
Section 5.3 Research question: (3) does sediment storage and 
spatial sorting result from the LWD additions?
Change in bed sediment grain size, storage, and spatial sorting can 
only occur if a change in hydraulics occurs.  A faster moving river has a 
coarser bed and can carry coarser particles (Anderson and Anderson, in 
press; Ritter et al., 2002).  Slow moving water cannot carry large particles, 
so when fast water encounters a barrier, in this case LWD, and slows, it is 
likely to deposit finer particles upstream of the barrier than existed before 
(Figure 5B).  Changes in bed sediment grain size were measured 
quantitatively, whereas measurements of storage and spatial sorting were 
qualitative.
Median grain size fined significantly in the Baker1 treatment sub-
reaches, suggesting that the added LWD affected sediment transport (Figures 
30 and 41; Table 8).  The Baker1 control sub-reaches did not follow 
expectations because significant coarsening occurred in Baker1-C-Flat (Figure 
36; Table 8).  Coarsening also occurred in Baker1-C-Steep, but was deemed 
insignificant because the two criteria were not met (Figure 48; Table 8).  
During the May 2009 field session I noted some instances where fine sands 
accumulated in the branches of added trees in Baker1-T-Flat (Figure 51), as 
well as near the banks on the upstream side of the log.  No sediment sorting 
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Figure 51: Examples of Atlantic salmon habitat formed by LWD in the Baker1 
treatment reach.  (A) Photograph of example habitat formed by trees #75 
and #76 just downstream of the Baker1-T-Flat cross-section.  Photograph 
taken May 21, 2009 at 1:17 pm by Liz Johnson.  (B) Photograph of example 
habitat formed by trees #86 and #87 just downstream of the 
Baker1-T-Steep sub-reach.  Photograph taken May 21, 2009 at 1:01 pm by 
Liz Johnson.
A. Just downstream of Baker1-T-Flat, May 21, 
2009  stage=33 cm
B. Just downstream of Baker1-T-Steep, May 21, 
2009  stage=33 cm
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or storage was apparent in Baker1-T-Steep, however some debris collected 
on the upstream side of log #100.
It is difficult to conclude whether the LWD is affecting the sediment 
size and sorting in Baker3.  The Baker3 sub-reaches did not behave as 
expected with changes in grain size.  Baker3-T experienced insignificant 
fining (Figure 49; Table 8), when I hypothesized that significant fining should 
occur due to the added trees.  The Baker3-C sub-reach exhibited significant 
fining (Figure 50; Table 8), when no change was expected.  However, a post-
treatment walkthrough on May 21, 2009 showed that fine sediment, mostly 
sands, accumulated within the added trees in Baker3-T (Figure 52).  The 
added trees in Baker3 seemed to be more clustered than the ones in Baker1
(Figure 52), which may influence how much sediment sorting is observed.  
The clusters of added trees act more like a jam with trees on top of trees 
causing intertwined branches and more water-wood contact and interaction
with sediment transport than individual logs impose. 
My observation of fining as a result of LWD additions is consistent with 
other grain size observations during previous LWD addition studies.  Brooks 
et al. (2004) noted an increase in sediment storage (40 m3/100m2) in their 
treatment reach.  Brooks et al. (2004) noted sediment accumulation in bars 
upstream of the LWD structures added to the river, and concluded that a 
fining of sediment occurred in the treatment reach because post treatment 
median grain sized decreased from pre-treatment conditions (65 mm as 
compared to 76 mm; section 1.2.5.2).  Lester and Wright (2008) did not 
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Figure 52: Examples of tree clustering, sediment sorting, and habitat formed 
by added LWD in the Baker3 treatment reach.  (A) Photograph of closeness 
of added trees and sediment sorting in Baker3-T.  Photograph taken May 21, 
2009 at 8:04 am by Noah Snyder.  (B) Photograph of sediment sorting 
upstream of added tree in Baker3-T.  Photograph taken May 21, 2009 at 
8:05 am by Noah Snyder.
A. Baker3-T May 21, 2009 8:04 am
B. Baker3-T May 21, 2009 8:05 am
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study grain size directly, however they noted increased short term bank 
erosion along transects across placed LWD (5 m; section 1.2.5.3), concluding 
that the LWD had an influence on erosion within the channel.
Changing grain size led to the observed changes in embeddedness.  
Embeddedness decreased in all sub-reaches except Baker1-T-Flat and 
Baker1-T-Steep (Table 9).  I expected embeddedness to decrease in the 
treatment sub-reaches because of the movement and sorting of grains, but 
this is not observed in the Baker1 treatment sub-reaches.  However, the 
embeddedness measurement was qualitative and biased by the pebble 
counter.  Because of the qualitative measurement process, I do not have a 
real way to test for significance, so I do not put much merit in the 
embeddedness measurements.
Section 5.4 Impacts on Salmon Habitat
The LWD additions were performed in Baker Brook in hopes of having 
a positive effect on all diadromous fish species (Mackey and Atkinson, 
personal communication, 2008).  Restoration projects, in Maine and the 
Narraguagus River watershed in particular, are geared toward bringing
native, river-spawning (not hatchery born), Atlantic salmon populations to 
levels last seen hundreds of years ago (Magilligan et al., 2007; Mackey and 
Atkinson, personal communication, 2008).  However, other fish species can 
use LWD-created habitats as well on their journey to spawning, rearing, or 
adulthood habitats.  Other diadromous fish are still thriving in the 
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Narraguagus watershed as well as other Maine rivers, but further 
development and degradation of habitat always remain a threat.  Any 
restoration project, even if developed for a specific species (e.g. Atlantic 
salmon), will hopefully have a positive effect on other species as well (e.g. 
brook trout, blacknose dace, creek chub, common shiner, etc., Dolloff and 
Warren, 2003). 
During treatment reach walkthroughs on May 21, 2009 in both Baker1 
and Baker3, areas of salmon habitat were observed to have formed or were 
in the process of forming.  The best example is just downstream of the 
Baker1-T-Flat cross-section where trees #75 and #76 caught leaf litter and 
other debris forming a jam and a 1 m deep pool downstream (Figure 51A).  
At low flows this habitat is good for blacknose dace, which hatch and rear in 
the spring, but at high flows (e.g. in the fall and winter) it will be great for 
salmon.  The debris jam provides abundant shade and shelter underneath 
the logs and in the pool (Dolloff and Warren, 2003).  The pool is located 
outside of my study sub-reach, therefore it was not included in the velocity
surveys. 
Another example of salmon habitat forming due to added LWD occurs 
slightly downstream of Baker1-T-Steep by tress #87 and #88 (Figure 51B).  
Sediment sorting is not as prevalent here, and the habitat is not as conducive 
as the downstream Baker1-T-Flat habitat.  I believe this is due to the debris 
jam upstream composed of pre-existing trees (#89 and #90), as well as 
other little trees that did not meet LWD criteria and were not tagged.  The 
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jam soured a large pool upstream, which now causes a decrease in flow 
velocity.  The jam is out of surveyed sub-reaches, therefore velocity and 
substrate were not surveyed.  I predict that some fine sediment traveling 
through Baker1-T-Steep settles out in this low-velocity pool (Figure 51B)
preventing it from traveling downstream to be sorted by trees #87 and #88.  
The best sediment sorting was seen at Baker3-T where a lot of sediment 
became trapped in the branches (Figure 52).  The trees added in Baker3-T
are located closer together than some added in the Baker1-T reach (Figure 
52A). 
Decreased embeddedness is conducive to salmonid habitat because 
the interstices between cobbles are free of sediment and rearing and 
protecting places become available (Sylte and Fischenich, 2002).  The 
oxygen content of the water increases when embeddedness decreases 
because as water travels downstream, it travels through the spaces between 
large grains.  The turbulence generated through interaction with large grains 
results in fresh oxygenated water in these pore sites, which is appealing to 
juvenile salmon (Haberstock et al., 2000; Hassan et al., 2008).  
Embeddedness should decrease most in pools where scour removes finer 
grains, deepens, and coarsens the bed material (Kondolf and Wolman, 1993; 
Sylte and Fischenich, 2002)
I expected net embeddedness to decrease in the treatment sub-
reaches because I predicted that grains would be moving through and 
depositing in the treatment reach due to the hydraulic changes by the added 
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wood.  Overall, embeddedness decreased in the Baker3 control and 
treatment sub-reaches and the Baker1 control sub-reaches.  Embeddedness 
increased in the Baker1 treatment sub-reaches.  As with my hypothesis for 
net fining of grain size (discussed in section 3.5.2), there may be local areas 
where embeddedness increases.  The local increase in embeddedness will 
coincide with local areas of fining due to slowed velocity and deposition of 
fine grained material.
Section 5.5 Suggestions for Future Work
The modest effects I observed at Baker Brook due to LWD treatments 
may be partially explained by the size of the stream and the chop-and-drop 
method, which tries to mimic natural tree falls in the riparian zone (Mackey 
and Atkinson, personal communication 2008).  Baker Brook is relatively small 
and narrow (Figures 7 and 12; Tables 1 and 4) and many of the dropped 
trees, especially in Baker1-T-Steep, caught on the banks and only interacted 
with the water and bed through the branch tips (Figure 38).  The chop-and-
drop method does not create stable wood structures, which are more 
important for salmon habitat.  Stabilized structures are secured with cables 
to prevent movement within the channel (Brooks et al., 2004; Floyd et al., 
2008, Lester and Wright, 2008) and provide ready habitat for Atlantic 
salmon, but reduce the natural dynamics of the stream system.  Stable LWD 
structures can be created using the chop-and-drop method if the added trees 
are not caught up on the banks and have more than branches in contact with 
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the water and bed.  The LWD pieces added to Baker Brook are free to move 
with high flow and be placed where the brook would naturally move them.  
Final placement of wood is often not the same place as the introduction 
point.  Although high flows and LWD movement may result in wood washing 
out of a treated reach and not forming habitat in the desired location, as was 
the case in the East Machias River LWD addition (Wright, personal
communication, 2008), the final placement of the wood still has a positive 
effect on the stream; the created habitat is only in a different location.  I
observed movement in the LWD in Baker Brook (Figures 24, 31, 37, and 43)
and still observed moderate changes in grain size and hydraulics.  Even 
though the change in hydraulics (U, Figure 28) was local and occurred 
where an added tree moved into the Baker1-T-Flat cross-section, the change 
shows that the wood interacts with the flow in the Baker1 treatment reach.
More so than the size of the stream and type of LWD addition 
performed, the short study period (~1 year) explains the modest results
reported here.  With a longer study period, larger changes in reach-average 
hydraulics (Ureach) and grain size and deposition could be observed.  With a 
longer study period I expect I would have gathered a larger array of velocity 
data and captured pre-treatment higher flow data.  The temporary decrease 
in Ureach at Baker1-T-Flat (Figure 27) shows that in October 2008 the wood 
affected flow, however the change is not shown in the May 2009 Ureach data.  
Flows may have pushed wood aside and/or stripped it of leaves and smaller 
branches that were affecting the flow by the May 2009 field session.  Higher 
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flows were observed in August 2008 immediately after addition of wood 
(Appendix A Table 4).  These higher flows interact with the added wood
because I observed water flowing into and over added logs, however lack of 
pre-treatment data at these stages prevents me from saying conclusively 
that the LWD would be more effective at these higher stages, but this is a 
reasonable expectation.  
Each sub-reach in Baker Brook produced pre- and post-treatment D50
values (Table 8) within the preferred range of grain size for juvenile salmon 
(16-256 mm, Buffington et al., 2004; Kondolf and Wolman, 1993; Section 
1.2.4.1).  Baker1-T-Flat, Baker1-T-Steep, Baker1-C-Flat, and the Baker3 
sub-reaches produced post-treatment D50 (Table 8) values within the 
preferred range for spawning habitat (16-64 mm, Buffington et al., 2004; 
Kondolf and Wolman, 1993; Section 1.2.4.1).  The bed sediment 
requirements are present in Baker Brook, perhaps spatial sorting is more 
important now in terms of salmon habitat formation.  With a longer study 
period, sediment transport is more likely to occur, resulting in quantification 
of sediment storage and spatial similar to Brooks et al. (2004), instead of 
relying on qualitative observations.
At the observed low-moderate stages the wood is not interacting much 
with the water, producing modest changes in hydraulics and grain size.  Over 
time, as the wood settles, the observed results can change.  In other 
locations, long-term LWD additions have been more conclusive because the 
wood needs time to settle and interact with the river system.
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Chapter 6: Conclusions
The addition of large woody debris had little influence on reach-
average hydraulics during the flows observed, but did affect grain size during 
the 10-month study period.  Based on the data, the hydraulics must be 
affected at higher stages because the grain size data show a fining of 
sediment in the Baker1 treatment sub-reaches.  A change in sediment cannot 
occur without a change in hydraulics, and the wood is probably affecting 
velocity at high stages, presumably flood stage.  Overall, at the stages 
observed, the large woody debris additions that occurred in August 2008 in 
Baker Brook did not strongly affect the reach-average velocity as 
hypothesized.  No reach-average effect is evident in Baker1-T-Steep, but the 
temporary decrease in Ureach in Baker1-T-Flat shows reach-average velocity is 
slightly affected by the wood.  A local effect is only evident at the Baker1-T-
Flat sub-reach, but this is because an added tree (#80) lies directly in the 
cross-section.  The effect of LWD on reach-average velocity is inconclusive 
because data could not be obtained at a sufficient range of stages.
Calculations of the Manning roughness parameter, n, allowed 
quantification of the channel roughness of each sub-reach. As mentioned 
previously, the roughness values follow the velocity data because n is back-
calculated from U (Equation 15); if no change in velocity occurs, no change 
in hydraulic roughness should occur.  A distinct decreasing trend is evident in 
the Baker1-T-Steep, Baker1-C-Flat, and Baker1-C-Steep n-stage rating 
curves with the post-treatment data plotting near the pre-treatment data.  
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No change in roughness occurred at these sub-reaches because no change in 
velocity occurred as shown in the respective U-stage rating curves.  Because 
Baker1-T-Flat experienced a temporary decrease in Ureach in October 2008 
and a local post-treatment decrease in U, roughness increased due to the 
added wood.
Observations and pebble count surveys indicate that sediment size 
fined significantly in the Baker1 treatment reach due to the addition of large 
wood, while the Baker1 control reach coarsened or remained the same.  
Baker3 reaches behaved counter to expectations with Baker3-C fining 
significantly and Baker3-T exhibiting no change over the study period.  
Observations during the May 2009 walkthroughs of Baker1 and Baker3 
treatment reaches showed areas where fine sands collected in the branches
of the added LWD.  Some areas of gravel and small cobbles could also be 
seen upstream near the logs.  The sediment storage must occur at high
stages, when the interaction of wood and water is at its highest.  In 
summary, visual observations showed that sediment storage and spatial 
sorting did result from the LWD additions.  Over time further sediment 
sorting in fine and coarse patches can occur to provide salmon with spawning 
and rearing habitat.  
LWD additions are increasing as a preferred method of habitat 
restoration in the northeastern United States.  I suspect that further 
monitoring of Baker Brook would yield more conclusive results.  More 
immediate results may have been seen with an addition involving input of
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rootwads and securing wood in place, however over time the added LWD in 
Baker Brook should move, stabilize and settle, providing new spawning and 
rearing habitat for Atlantic salmon and other fishes (e.g. blacknose dace, 
brook trout, creek chub, etc.).  As mentioned previously, log jams previously 
existing in the channel have been the major creators of habitat observed in 
the Baker1 treatment reach in May 2009.  The LWD pieces added to Baker 
Brook in August 2008 may become jams similar to the ones that have 
created the present habitat in the channel.  The added logs serve as the key 
pieces for intercepting and collecting debris from upstream and the riparian 
zone.  Now that the large logs are present in the system, time and the role of 
small wood and debris becomes important in carrying out the goals of the 
LWD addition.
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Stage Gauge Results
Stage readings recorded each day are shown in Table 4.  Throughout the 
study period, the stage fluctuated between its lowest level ~10 cm and its highest 
level of 55 cm.  Lowest stages occurred in the early portion of the field study (July 
14, 2008 to July 21, 2008).  The base level stage for Baker Brook is between 
approximately 25 cm and 31 cm.  An extremely wet period occurred between August 
2, 2008 and August 7, 2008 causing stage to increase to bankfull levels of 50 cm.
Date Time of Reading Stage Gauge Reading (cm)
May 22, 2008 12:19 27.3
16:41 28 
May 23, 2008 9:30 30
11:04 30
July 14, 2008 9:38 12.9
15:54:50 13
July 17, 2008 9:36 10
17:19 9
July 18, 2008 8:42 9
16:33 Below 10
July 19, 2008 8:54 18
16:12 15
July 21, 2008 9:24 24
16:57 25
July 22, 2008 8:54 29
12:05 28
16:42 28
July 23, 2008 8:47 26
14:05 25
July 25, 2008 8:34 35.5
11:36 39
July 27, 2008 8:17 35
10:13 35
12:22 34
July 29, 2008 8:59 28
16:06 28
17:13 29
July 31, 2008 10:40 26
16:32 25
August 1, 2008 8:30 27
10:27 27.5
August 2, 2008 11:40 55
14:16 54
16:36 52
August 3, 2008 10:08 46.5
12:45 46
13:03 46
August 4, 2008 7:27 58
8:47 57
15:55 55
August 5, 2008 8:28 52
13:24 50
153
16:03 49
August 6, 2008 9:09 44
13:03 43
16:02 42.5
August 7, 2008 10:27 41
13:09 41
October 23, 2008 8:11 31
14:03 31
May 19, 2009 8:03 39
11:54 37.5
15:37 37
May 20, 2009 7:52 36
11:05 35
13:54 35
May 21, 2009 12:18 33.5
15:02 33.5
May 22, 2009 11:20 32
16:19 31
May 23, 2009 8:23 30
13:45 30
May 24, 2009 8:17 29.5
Table 4: Stage gauge measurements.
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Appendix B: Pebble Count Error Analysis
I performed a comparison of means z-tests of the collected data to assess the 
error within the pebble counts (Marcus et al.; 1995, Tables 1 through 4).  These 
tests were conducted for data between counters as well as within counters to 
determine if user bias or particle size preference occurred during the procedure.  
Difference between median grain size data collected by different counters gives me 
an uncertainty within the method itself.  Experimental uncertainty, used to 
determine if significant change occurred between the pre- and post-treatment 
surveys, is calculated using differences in median grain size between surveys, and is 
explained further in section 3.5.3.
The samples used to test error and bias in the pebble count method are 1-in-
k type samples (Mendenhall et al., 2009).  The sample was chosen by randomly 
selecting one of the first k elements in an ordered population and then systematically 
selecting every kth element thereafter (Mendenhall et al., 2009).  In this case, I 
chose to start with the first measurement and chose every other measurement to 
create my two columns of data.  I then did a comparison of means through a large 
sample (> 30, Mendenhall et al., 2009) z-test to see if the two samples can have the 
same mean and standard deviation (e.g. can the first sample have the same mean 
and standard deviation as the second sample, and vice versa).  I calculated the 
different means by taking the absolute value of subtracting the second test from the 
first test.  All z-tests used measurements in phi to acknowledge the log-normal 
distribution of grain sizes.
My null hypothesis is that the two samples have the same mean and standard 
deviation, and my alternative hypothesis is that the two samples have different 
means and standard deviations.  A value of zero for H and a large p-value (p>0.05) 
allows me to accept this hypothesis, whereas a value of one and a small p-value 
(p<0.05) rejects the null.  For this comparison of means test, a small p-value also 
casts doubt to the validity of the outcome.
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 t
he
 r
es
ul
t 
of
 t
he
 z
-t
es
t.
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 p
=
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=
26
0 
m
=
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6φ
  
s=
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φ 
 p
=
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2:
 B
ak
er
1-
C
-S
te
ep
 p
re
-t
re
at
m
en
t 
pe
bb
le
 c
ou
nt
 d
iv
id
ed
 in
to
 c
ol
um
ns
. 
 H
er
e 
no
 is
 t
he
 n
um
be
r 
of
 c
la
st
s 
in
 e
ac
h 
su
rv
ey
, 
m
 is
 t
he
 m
ea
n 
gr
ai
n 
si
ze
 in
 p
hi
 (
φ)
 u
ni
ts
, 
s 
is
 t
he
 s
ta
nd
ar
d 
de
vi
at
io
n 
in
 p
hi
 (
φ)
 u
ni
ts
, 
an
d 
p 
is
 
th
e 
z-
te
st
 r
es
ul
t.
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1
6
3
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6
4
1
2
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5
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5
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2
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1
5
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0
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ze
 c
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m
m
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e
p
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−
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n
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b
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u
n
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m
m
)
cumulative percent finer
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o
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n
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o
lu
m
n
2
no
=
14
9 
 m
=
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=
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=
0.
23
68
no
=
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 m
=
-6
.3
0φ
  s
=
1.
90
φ 
 p
=
0.
26
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3:
  
B
ak
er
3-
T 
pr
e-
tr
ea
tm
en
t 
pe
bb
le
 c
ou
nt
 s
ur
ve
y 
di
vi
de
d 
in
to
 c
ol
um
ns
. 
 H
er
e 
no
 is
 t
he
 n
um
be
r 
of
 
cl
as
ts
 in
 e
ac
h 
su
rv
ey
, 
m
 is
 t
he
 m
ea
n 
gr
ai
n 
si
ze
 in
 p
hi
 (
φ)
 u
ni
ts
, 
s 
is
 t
he
 s
ta
nd
ar
d 
de
vi
at
io
n 
in
 p
hi
 (
φ)
 u
ni
ts
, 
an
d 
p 
is
 t
he
 z
-t
es
t 
re
su
lt
.n
o=
39
7 
 m
=
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.8
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s=
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99
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=
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n
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m
n
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4:
 B
ak
er
3-
T 
pr
e-
tr
ea
tm
en
t 
pe
bb
le
 c
ou
nt
 s
ur
ve
y 
co
lle
ct
ed
 b
y 
Li
z.
  
H
er
e 
no
 is
 t
he
 n
um
be
r 
of
 c
la
st
s 
in
 
ea
ch
 s
ur
ve
y,
 m
 is
 t
he
 m
ea
n 
gr
ai
n 
si
ze
 in
 p
hi
 (
φ)
 u
ni
ts
, 
s 
is
 t
he
 s
ta
nd
ar
d 
de
vi
at
io
n 
in
 p
hi
 (
φ)
 u
ni
ts
, 
an
d 
p 
is
 t
he
 
z-
te
st
 r
es
ul
t.
no
=
11
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 m
=
-4
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0φ
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=
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=
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 b
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)
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m
n
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C
o
lu
m
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5:
 B
ak
er
3-
T 
pr
e-
tr
ea
tm
en
t 
pe
bb
le
 c
ou
nt
 s
ur
ve
y 
co
lle
ct
ed
 b
y 
D
av
id
. 
 H
er
e 
no
 is
 t
he
 n
um
be
r 
of
 c
la
st
s 
in
 e
ac
h 
su
rv
ey
, 
m
 is
 t
he
 m
ea
n 
gr
ai
n 
si
ze
 in
 p
hi
 (
φ)
 u
ni
ts
, 
s 
is
 t
he
 s
ta
nd
ar
d 
de
vi
at
io
n 
in
 p
hi
 (
φ)
 u
ni
ts
, 
an
d 
p 
is
 
th
e 
z-
te
st
 r
es
ul
t.
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=
11
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 m
=
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=
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b
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 b
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n
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m
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6:
 B
ak
er
3-
T 
pr
e-
tr
ea
tm
en
t 
pe
bb
le
 c
ou
nt
 s
ur
ve
y 
co
lle
ct
ed
 b
y 
A
da
m
. 
 H
er
e 
no
 is
 t
he
 n
um
be
r 
of
 c
la
st
s 
in
 e
ac
h 
su
rv
ey
, 
m
 is
 t
he
 m
ea
n 
gr
ai
n 
si
ze
 in
 p
hi
 (
φ)
 u
ni
ts
, 
s 
is
 t
he
 s
ta
nd
ar
d 
de
vi
at
io
n 
in
 p
hi
 (
φ)
 u
ni
ts
, 
an
d 
p 
is
 
th
e 
z-
te
st
 r
es
ul
t.
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98
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=
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k
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−
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−
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re
a
tm
e
n
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e
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b
le
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u
n
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S
u
rv
e
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ll
e
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e
d
 b
y 
A
d
a
m
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in
 s
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e
 (
m
m
)
cumulative percent finer
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m
n
1
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m
n
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7:
 B
ak
er
3-
T 
pr
e-
tr
ea
tm
en
t 
pe
bb
le
 c
ou
nt
 s
ur
ve
y 
co
lle
ct
ed
 b
y 
B
ill
y.
  
H
er
e 
no
 is
 t
he
 n
um
be
r 
of
 c
la
st
s 
in
 
ea
ch
 s
ur
ve
y,
 m
 is
 t
he
 m
ea
n 
gr
ai
n 
si
ze
 in
 p
hi
 (
φ)
 u
ni
ts
, 
s 
is
 t
he
 s
ta
nd
ar
d 
de
vi
at
io
n 
in
 p
hi
 (
φ)
 u
ni
ts
, 
an
d 
p 
is
 t
he
 
z-
te
st
 r
es
ul
t.
no
=
74
  
m
=
-4
.9
8φ
s=
2.
17
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=
0.
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−
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b
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 b
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il
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m
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)
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m
n
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C
o
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m
n
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8:
 B
ak
er
3-
C
 p
re
-t
re
at
m
en
t 
pe
bb
le
 c
ou
nt
 s
ur
ve
y 
di
vi
de
d 
in
to
 c
ol
um
ns
. 
 H
er
e 
no
 is
 t
he
 n
um
be
r 
of
 
cl
as
ts
 in
 e
ac
h 
su
rv
ey
, 
m
 is
 t
he
 m
ea
n 
gr
ai
n 
si
ze
 in
 p
hi
 (
φ)
 u
ni
ts
, 
s 
is
 t
he
 s
ta
nd
ar
d 
de
vi
at
io
n 
in
 p
hi
 (
φ)
 u
ni
ts
, 
an
d 
p 
is
 t
he
 z
-t
es
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su
lt
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41
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9:
 B
ak
er
3-
C
 p
re
-t
re
at
m
en
t 
pe
bb
le
 c
ou
nt
 s
ur
ve
y 
co
lle
ct
ed
 b
y 
Li
z.
  
H
er
e 
no
 is
 t
he
 n
um
be
r 
of
 c
la
st
s 
in
 
ea
ch
 s
ur
ve
y,
 m
 is
 t
he
 m
ea
n 
gr
ai
n 
si
ze
 in
 p
hi
 (
φ)
 u
ni
ts
, 
s 
is
 t
he
 s
ta
nd
ar
d 
de
vi
at
io
n 
of
 p
hi
 (
φ)
 u
ni
ts
, 
an
d 
p 
is
 t
he
 
z-
te
st
 r
es
ul
t.
no
=
11
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 m
=
-4
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=
0.
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0:
 B
ak
er
3-
C
 p
re
-t
re
at
m
en
t 
pe
bb
le
 c
ou
nt
 s
ur
ve
y 
co
lle
ct
ed
 b
y 
D
av
id
. 
 H
er
e 
no
 is
 t
he
 n
um
be
r 
of
 c
la
st
s 
in
 e
ac
h 
su
rv
ey
, 
m
 is
 t
he
 m
ea
n 
gr
ai
n 
si
ze
 in
 p
hi
 (
φ)
 u
ni
ts
, 
s 
is
 t
he
 s
ta
nd
ar
d 
de
vi
at
io
n 
in
 p
hi
 (
φ)
 u
ni
ts
, 
an
d 
p 
is
 
th
e 
z-
te
st
 r
es
ul
t.
no
=
10
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=
-4
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 b
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1:
 B
ak
er
3-
C
 p
re
-t
re
at
m
en
t 
pe
bb
le
 c
ou
nt
 s
ur
ve
y 
co
lle
ct
ed
 b
y 
A
da
m
. 
 H
er
e 
no
 is
 t
he
 n
um
be
r 
of
 c
la
st
s 
in
 e
ac
h 
su
rv
ey
, 
m
 is
 t
he
 m
ea
n 
gr
ai
n 
si
ze
 in
 p
hi
 (
φ)
 u
ni
ts
, 
s 
is
 t
he
 s
ta
nd
ar
d 
de
vi
at
io
n 
in
 p
hi
 (
φ)
 u
ni
ts
, 
an
d 
p 
is
 
th
e 
z-
te
st
 r
es
ul
t.
no
=
11
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=
-5
.6
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2:
 B
ak
er
3-
C
 p
re
-t
re
at
m
en
t 
pe
bb
le
 c
ou
nt
 s
ur
ve
y 
co
lle
ct
ed
 b
y 
B
ill
y.
  
H
er
e 
no
 is
 t
he
 n
um
be
r 
of
 c
la
st
s 
in
 
ea
ch
 s
ur
ve
y,
 m
 is
 t
he
 m
ea
n 
gr
ai
n 
si
ze
 in
 p
hi
 (
φ)
 u
ni
ts
, 
s 
is
 t
he
 s
ta
nd
ar
d 
de
vi
at
io
n 
in
 p
hi
 (
φ)
 u
ni
ts
, 
an
d 
p 
is
 t
he
 
z-
te
st
 r
es
ul
t.
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=
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3:
 B
ak
er
1-
T-
Fl
at
 p
os
t-
tr
ea
tm
en
t 
pe
bb
le
 c
ou
nt
 s
ur
ve
y 
di
vi
de
d 
in
to
 c
ol
um
ns
. 
 H
er
e 
no
 is
 t
he
 n
um
be
r 
of
 
cl
as
ts
 in
 e
ac
h 
su
rv
ey
, 
m
 is
 t
he
 m
ea
n 
gr
ai
n 
si
ze
 in
 p
hi
 (
φ)
 u
ni
ts
, 
s 
is
 t
he
 s
ta
nd
ar
d 
de
vi
at
io
n 
in
 p
hi
 (
φ)
 u
ni
ts
, 
an
d 
p 
is
 t
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-t
es
t 
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su
lt
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 c
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 c
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 p
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 p
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 c
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 c
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